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Abstract 
 
Abstract 
This thesis deals with the family of small molecules known as perylene diimides, their 
synthesis, properties, and use in organic electronics. In particular it is focussed on the use of 
perylene diimides as small molecular organic semiconductors in organic photovoltaics and 
organic field-effect transistors.  
Here is reported the synthesis, characterisation, properties and device testing of a range of 
new perylene diimide materials, designed to have properties amenable to use as acceptors in 
organic photovoltaics.  
Also reported is a method for the kinetic resolution of dicyano substituted perylene diimides, 
an important sub-group commonly used in organic field-effect transistor applications, to 
obtain regioisomerically pure samples of the majority regioisomer from an otherwise 
inseparable mixture. The effect of this purification on the physical and device properties is 
reported. 
A new kind of perylene diimide material was discovered during the course of this work. The 
identification of the new material, determined by a combination of spectroscopy and modern 
computational chemistry techniques is reported, as well as properties relevant to the use of 
the new material in organic electronics.  
Finally, the synthesis, characterisation and properties of a new dicyano perylene diimide is 
reported, in order to investigate the use of targeted thermal treatment on organic field-effect 
transistor device performance. 
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Chapter 1 
1.1 Perylene Diimides 
Perylene diimides (PDIs) and their derivatives have been known, studied and used for various 
applications since the beginning of the 20
th
 century. Initially used primarily as dyes and 
pigments, they now find applications in various fields, and are of particular interest today for 
use in organic electronics applications.
1–4
 
The general structure of the perylene diimide family is shown below in Figure 1.1. The 
combination of a large aromatic perylene core and strong electron-withdrawing carbonyl 
groups in the imide moieties substituted at the peri positions allow PDIs to form stable 
radical anions, making them well suited as electron transport materials.
5
 The ability to 
functionalise the bay and ortho regions and the R-groups at the imide positions has led to an 
explosion of different molecules built around this simple central building block.
1,3,6–8
 
 
Figure 1.1: General structure of perylene diimides. The substituent numbering of perylene diimides is based on the twelve 
carbons that can be functionalised in the perylene core. The positions around the core are divided into three categories: 
Positions 1,6,7 and 12 are termed the bay. Positions 2,5,8 and 11 are termed ortho. Positions 3,4,9 and 10 are given the 
notation peri, these are the positions where the imide moieties are bound. 
 
In this thesis the focus is on the use of perylene diimides in the field of organic electronics, 
specifically as small molecule components of organic photovoltaics (OPV) and organic field-
effect transistors (OFET). 
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1.2 Synthetic Routes to the Functionalisation of PDIs 
Most recent research into the synthesis of different PDI molecules has focussed on 
investigating different functional groups at the bay position to alter the electronic properties 
of the PDI, and changing the nature of the imide R-groups in order to alter the solubility and 
morphological properties.
3
 Recently, substitution at the ortho positions has also been 
achieved.
9–12
 The following introduction will focus primarily on synthetic routes to 
functionalisation at the bay and imide positions, as these are of greatest relevance to the 
research reported in this thesis. 
 
1.2.1 Imidisation 
Perylene dianhydrides are converted to perylene diimides by condensation of the 
dianhydrides with a primary amine (or ammonia for R = H).
3,13
 There are several general 
methods to achieve this; the three most common approaches, and some of the most 
commonly utilised types of primary amine, are shown in Scheme 1.1.  
The conditions required for condensation of perylene dianhydrides with primary amines 
depend on the reactivity of the amine.
13–17
 Condensation with short chain aliphatic alkyl-1-
amines can be carried out in alcohol or water.
3,13
 When using more sterically hindered amines 
such as cyclohexylamine or less nucleophilic amines such as pentafluoroaniline,
15
 highly 
polar aprotic N-heterocyclic solvents (e.g. quinoline, NMP or molten imidazole), and 
catalysts such as organic acids (e.g. propanoic acid) or inorganic Lewis acids (e.g. Zn(OAc)2) 
are often required.
13–15
 In the imidisation of halogenated dianhydrides, performing the 
condensation in propanoic or acetic acid has the added advantage of inhibiting unwanted 
nucleophilic substitution of the halide moieties.
16
  
 
P a g e  | 4 
 
Chapter 1 
 
Scheme 1.1: Illustrating the various methods by which PDIs may be generated by the condensation of perylene dianhydrides 
with primary amines, and some of the general classes of amines frequently utilised, with examples. 
 
The nature of the imide substituent primarily affects the solubility and morphology of the 
PDIs. The effect on properties such as frontier molecular orbital energies and optical 
properties is minimal.
3,18
 The reason for this is that, for most PDIs, the nitrogen atoms of the 
imides are situated in a nodal plane for both the HOMO and LUMO, limiting the contribution 
of the imide substituents to inductive effects.
3,18
  
Demmig and Langhals reported in 1988 that the use of long alkyl chains at the imide position 
diminishes rather than increases PDI solubility, while „swallowtail‟ and cycloalkyl imide 
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groups greatly increase solubility in common organic solvents.
17
 Bulky substituents such as 
these prevent tight π-π stacking of the PDI aromatic cores. 
The imide substituents can also affect the type of crystal packing adopted (Figure 1.2); for 
example, Schmidt et al. showed that crystals of 1,6/7-difluoro PDIs adopt the „herringbone‟ 
packing motif when the imide group R = CH2(CF2)2CF3, but adopt the „brick stone‟ motif 
when R = pentafluoroaniline.
15
 
 
Figure 1.2: Common packing motifs adopted by PDIs. From left to right: Slip-stacked, herringbone and brick stone.15 
 
1.2.2 Functionalisation at the Bay Positions 
The most common general approach to the synthesis of bay-functionalised PDIs starts with 
bromination or chlorination of the dianhydride PTCDA 1 (Scheme 1.2).
3,14,19
 The 
halogenated dianhydride is then converted to a diimide by condensation with a primary 
amine. The soluble halogenated diimide can then undergo numerous substitution and metal-
mediated coupling reactions to yield a great array of different PDI materials (see Scheme 
1.3).
1–3
  
 
Scheme 1.2: Halogenation of PTCDA 1 to give the dibrominated (3) and tetrachlorinated (2) dianhydrides.3,14,19 
 
The bromination procedure was first demonstrated by Bohm et al. in 1997, the procedure 
yields a regioisomeric mixture of 1,6- and 1,7-dibrominated perylene dianhydride (discussed 
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further in Section 1.2.3).
14,19
 A mild procedure for the direct bromination of PDIs (rather than 
PTCDA) has recently been reported by Rajasingh et al.
20
 Despite the milder conditions, 
however, this procedure is no more regioselective than the original anhydride bromination 
procedure. 
The tetrachlorination of perylene dianhydride has been known of since the 1980s and 2 is 
available commercially.
3
 It is also possible to chlorinate unsubstituted PDIs directly using 
SOCl2 and iodine/metal iodides, and this method is often utilised.
8,21,22
 
The halogenated dianhydrides 3 and 2 have only trace solubility in common organic solvents, 
so before attempting to perform further reactions at the bay positions, it is usually necessary 
to first convert the dianhydride to a diimide. 
Since the publication of the BASF patent procedure for dibromination of PTCDA,
19
 
numerous types of bay-disubstituted PDIs have since been synthesised.
3,14,19
 Some of the 
most frequently investigated classes of 1,6/7 disubstituted PDIs and the general conditions for 
their syntheses are summarised in Scheme 1.3. Despite the fact that tetrachloro PDIs have 
been known of for much longer than the dibromo PDIs, there are fewer reported syntheses 
involving substitution reactions of tetrachloro PDIs.  
Both bromo and chloro substituents can be replaced with fluoro groups via the Halex process, 
using KF and a catalyst such as 18-crown-6.
15,23
 Alkoxy, phenoxy, alkylthio and phenylthio 
groups have been incorporated into the PDI bay region by nucleophilic substitution of both 
dibromo and tetrachloro PDIs with alcohols and thiols in the presence of a base such as 
K2CO3.
8,21,22,24–26
 Substitution of brominated PDIs with secondary amines, such as 
pyrrolidine, has been demonstrated by simply reacting the dibromo PDIs with an excess of 
the amine.
7,25,27
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The substitution reactions with amines, alcohols and thiols can be altered to give appreciable 
quantities of the respective monobromo PDIs, allowing for the synthesis of core-unsymmetric 
PDIs.
7,26,27
  
 
Scheme 1.3: Examples of the types of functionalisation at the PDI bay region that have been previously reported, from 
reactions of 1,6/7-dibromo PDIs. Several of these reactions are also possible with the tetrachloro PDIs. Only the major 1,7-
regioisomer is shown for the sake of clarity, however, in the majority of cases the dibromo PDI, and subsequent products are 
present as a mixture with the 1,6-regioisomer. The rare examples of regioisomeric separation will be discussed later in this 
chapter and in Chapter 4. 
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The remainder of the examples represented in Scheme 1.3 can be grouped together under the 
banner of „transition metal-mediated C−C coupling‟ reactions. Palladium-based 
Sonogashira,
6,28–30
 Suzuki,
6,31–33
 and Negishi
7,34–36
 coupling reactions have been utilised to 
give alkynyl, aryl and cyano substituted PDIs respectively. Several copper-mediated coupling 
reactions of dibromo PDIs have also been demonstrated, leading to perfluoroalkyl,
37
 
pentafluoroaryl
38
 and cyano
16
 bay-substituted PDIs. 
Suzuki coupling of tetrachloro PDIs has also been demonstrated to yield tetraphenyl PDIs,
6
 
despite the lower reactivity of aryl chlorides in Suzuki reactions compared to aryl bromides.
39
  
The substituents at the bay positions can have dramatic effects across all properties of the 
PDIs; from solubility and morphological properties, to optical properties such as absorption 
and fluorescence, and electrochemical properties such as the oxidation and reduction 
potentials. Substitution at the bay region of PDIs generally increases the solubility, relative to 
unsubstituted PDIs with the same imide substituents. For example, N,N′-di(n-alkyl) PDIs are 
insoluble when the bay region is unsubstituted,
17
 but the dibromo and tetrachloro analogues 
have good solubility in chlorinated and aromatic solvents due to twisting of the aromatic 
core, which disrupts the tight packing of the PDIs.
3,16,17
 Disubstitution or tetrasubstitution 
with larger groups, such as the various aryl, alkoxy and amino substituents, leads to very 
highly soluble PDIs.
8,21,25
 The type of substituents at the bay region strongly affects the 
morphology, with small substituents such as halogens or cyano groups generally affording 
highly crystalline PDIs,
15,16
 while it has been shown that bay-substitution with aryl groups 
affords amorphous, glass-forming materials.
32
  
Where the bay substituents have a much greater effect than the imide substituents is in the 
electronic properties of the PDIs. Bay substitution with groups such as F, Cl, Br withdraws 
electron density from the PDI core inductively through the ζ bond, and thus lower both the 
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HOMO and LUMO energy levels. As both the HOMO and LUMO are changed similarly, 
there is only a small effect (ca. < 10 nm shift in λmax) on the absorption and emission 
properties between analogous halogenated PDIs, and in comparison with analogous 
unsubstituted PDIs.
3,5,16
 Substituents such as the phenoxy and pyrrolidinyl groups are π-
donors, and so raise the HOMO to a greater extent than the LUMO, leading to a strong 
bathochromic shift in absorption, particularly in the case of pyrrolidinyl and other cyclic 
amine substituents.
3
 Substituents which extend the π-conjugation in the core, such as aryl and 
alkynyl groups, also shift the absorption bathochromically.
6,30,32
  
The strong relationship between the nature of the bay substituents and the energy of the 
HOMO and LUMO levels of PDI has consequences for organic electronic devices, 
particularly for the matching of these materials to other components of the device, and for the 
stability of the devices.  
It has recently been demonstrated, first by Nakazono et al. in 2009,
9
 and then by Battagliarin 
et al.
10,11
 and Teraoka et al.
12
 in 2011, that selective functionalisation of the ortho positions of 
the PDI core is also possible. Functionalisation of ortho positions over the more reactive bay 
positions was achieved by direct C−H activation of the ortho positions using ruthenium or 
iridium catalysts, which are presumably directed toward the ortho positions by the oxygen 
atoms of the imides.  
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1.2.3 Perylene Diimide Regioisomers 
As previously discussed, the majority of the research into new PDI derivatives is focussed on 
the fine tuning the properties of these materials by functionalisation of the PDI bay region. 
1–
3,7,16,30,40
 The preferred starting point for synthesising these materials is the dibromination of 
perylene-3,4:9,10-tetracarboxylic dianhydride (PTCDA, 1), according to a procedure 
originally reported in a patent by BASF.
14
  
It was originally thought that the procedure described by the BASF patent yielded 
regioisomerically pure 1,7- product (3‡).
14
 Würthner et al. showed in 2004
7
 that the 
bromination of the anhydride (1), as described by the BASF patent,14 does not in fact 
selectively form the 1,7-regioisomer, but gives the product dibromide as an inseparable 
regioisomeric mixture, with the 1,6-regioisomer (3†) representing ca. 20 % of the total, as 
illustrated in Scheme 1.4: 
 
Scheme 1.4: Bromination of 1 by BASF patent procedure, leading to the regioisomeric mixture of the dibromo- 3 and a 
small amount of the tribrominated impurity 4.7,14 
 
To date, a more selective procedure has not been reported. The minor regioisomer is often 
very difficult to remove from the subsequent PDIs synthesised from this material, although 
some attempts have been made.
7,20,25,31
 These are discussed in more detail in the introduction 
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to Chapter 4. These examples, however, represent only a tiny portion of the number of bay-
disubstituted PDI materials in the literature.  
In this thesis, one example of chromatographic separation of PDIs is reported. The separation 
of these regioisomers by chromatography was made possible by it having large substituents at 
the bay positions, a feature shared with the other materials which been reported to be 
separable by this means.
25,31
 
It has been observed during the course of the work undertaken for this thesis that the 
regioisomer ratios of PDIs can change during palladium-mediated Negishi coupling to 
convert bromo-substituted PDIs to cyano substituted PDIs. The nature of this rearrangement 
is discussed in Chapter 2. 
Another observation made during the course of this work was that dicyano PDIs can react 
with primary amines to form stable green dyes. Further investigations revealed that these 
reactions proceed with kinetic resolution of the dicyano PDI regioisomers. Kinetic resolution 
is normally defined as:
41
 
“The achievement of partial or complete resolution by virtue of unequal rates of reaction of 
the enantiomers in a racemate with a chiral agent (reagent, catalyst, solvent, etc.).”  
The same principle, of achieving resolution of a desired isomer from an inseparable mixture 
by virtue of unequal reaction rates applies here, and so the term kinetic resolution is used to 
describe the process observed in this work.  
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1.3 Perylene Diimides in Organic Photovoltaics 
1.3.1 Basic Principles of OPV Function 
Before discussing specifically the use of PDIs in organic photovoltaics, it is first necessary to 
outline the general mechanism by which OPV devices operate. Figure 1.3 below is a 
simplified representation of the various photophysical processes which are involved in the 
conversion of light energy to electric current in an OPV.
42,43
 
 
Figure 1.3: Basic mechanism of operation of an organic photovoltaic device: 1) Light excites an electron to a higher energy 
level, creating an electron-hole pair (exciton) in the donor. 2) The exciton diffuses through the donor material. 3) Upon 
reaching an interfacial area (heterojunction) between donor and acceptor, a charge-transfer state is created. 4) The electron is 
abstracted to the acceptor, creating free charges in the form of an electron in the acceptor and a hole in the donor. 5) The free 
charges migrate to the cathode (electrons) and anode (holes) respectively.  6) Electrons are collected by the cathode and 
holes collected by the anode creating a current in the cell. 
 
In most organic photovoltaics, the excited states (excitons) generated by photon absorption 
are split at the interface of donor and acceptor materials (the heterojunction) into free 
charges. Once separated the electron and hole can then go on to create DC current.
43
 A major 
advance in the field was the move from the simple bilayer device architecture to a so-called 
bulk heterojunction (BHJ) architecture, where the donor and acceptor are blended together.  
Donor (D)
(p-type)
Acceptor (A)
(n-type)
Anode
Cathode
LUMO
HOMO
HOMO
LUMO
hν
1
2
3
4
5
En
e
rg
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6
56
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The BHJ arrangement increases the surface area of the interface between donor and acceptor, 
thus increasing the number of sites where the photovoltaic process can occur. A second 
advantage of BHJ architecture is that it reduces the distance an exciton must travel before 
encountering a heterojunction, reducing exciton losses, as they have a limited lifespan (thus 
can normally only travel for ca. 10 nm before decay).
44
 In order to achieve this in a planar 
heterojunction device, the active layers would need to be made thinner, reducing the number 
of photons absorbed per unit area of the device. 
 
1.3.2 Perylene Diimides in OPV – Background 
The first example of an organic photovoltaic device to incorporate a (planar) heterojunction 
of electron donor and acceptor components, demonstrated by Tang in 1986, employed the 
PDI-based compound 5 (Figure 1.4) as the acceptor material.
45
 
 
Figure 1.4: Structure of the PDI derivative used by Tang to demonstrate the first bilayer heterojunction OPV.45 
 
While PDIs initially seemed a promising material for OPV applications, they have mostly 
been overshadowed in recent years by fullerene derivatives, due to the high performance of 
fullerene-based materials such as PCBM in BHJ devices.
42
 Those PDIs tested to date (Figure 
1.5) have thus far been found to be ill-suited to the BHJ architecture, and most of the 
efficiencies reported for BHJ devices using PDIs are below that of the original Tang device.  
A summary of the published device performances of those PDIs tested in BHJ OPVs is 
shown below, the Tang bilayer device
45
 and an example of a planar device with an 
intermediate mixed phase layer
46
 are included for comparison. 
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Figure 1.5: PDIs tested in OPVs and the donors with which they were paired (see Table 1.1).45–49  
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Table 1.1: Characteristics of OPV Devices Using PDIs and PDI Derivatives Reported 
Before the Start of this Project 
PDI Donor 
Device 
Type 
Irradiation 
Jsc 
(mA cm
−2
) 
Voc (V) FF 
PCE 
(%) 
Ref. 
5 6 Planar AM 2.0, 75 mW cm
−2
 2.3 0.45 0.65 0.95 
45
 
13f 7 
Planar 
(triple) 
White, 100 mW cm
−2
 2.14 0.51 0.48 0.70 
46
 
13g 8 BHJ 490 nm, 0.47 mW cm
−2
 0.00335 0.69 0.40 1.95 
47
 
13g 9 BHJ AM1.5, 100 mW cm
−2
 0.12 0.40 0.39 0.19 
48
 
13g 10 BHJ AM1.5, 100 mW cm
−2
 0.26 0.71 0.37 0.63 
48
 
13h 9 BHJ AM1.5, 100 mW cm
−2
 1.32 0.36 0.38 0.18 
49
 
19e 9 BHJ AM1.5, 100 mW cm
−2
 0.26 0.66 0.27 0.043 
49
 
5 9 BHJ AM1.5, 100 mW cm
−2
 0.47 0.37 0.35 0.061 
49
 
25e 9 BHJ AM1.5, 100 mW cm
−2
 0.13 0.13 0.30 0.005 
49
 
 
While the majority of recent interest in OPV research has centred on the use of fullerenes,
42
 
the use of PDIs as OPV acceptors is still an active area of research.
1–3
 High charge carrier 
mobilities, high stability, intense absorption profiles and the great capacity for finely tailoring 
the properties with various combinations of substituents, mean that they are still attractive 
from the point of view of developing new materials.
1–3,6
 
 
1.3.3 Design Principles 
1.3.3.1 Stability of Organic Electronic Materials 
While the efficiencies of OPVs continue to rise to the point where they are approaching those 
of amorphous silicon, the stability of the materials from which they are fabricated still 
presents a challenge for their future utility. While improving device encapsulation is one 
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approach to maintaining good device performance, it would be advantageous for the organic 
materials to be themselves inherently air-stable. 
As it is necessary for both neutral and charged species to be present during operation of 
organic electronic devices, the stability of both species needs to be addressed. De Leeuw et 
al. discussed the electrochemical stability of charge-transporting polymers in 1997.
50
 It was 
shown that the stability of charges in electron conducting polymers depends primarily on the 
reduction potentials of the polymers in comparison to the water-oxygen redox couple 
(0.571 V vs. SCE at pH 7).  
While neutral acceptor species tend to be stable, in the charged state they are only stable if 
the reduction potential of the acceptor is >0.571 V (SCE). Such a material would then, 
however, be unstable in the neutral state, as it would be capable of oxidising water back to 
O2. In practice all electron transfer reactions must overcome a kinetic overpotential to 
proceed.  
De Leeuw et al. suggest that the overpotential can be expected to be between 0.5 V and 1 V, 
and so a requirement for air-stable electron transporting organic semiconductors, with respect 
to the reduced acceptor, is a reduction potential of ca. 0 V to −0.5 V vs. SCE, respectively. 
The dicyano family of PDIs (such as the PDI 25e in Figure 1.5) fall into this category, with 
reduction potentials of ca. 0 V (±0.1 V, SCE), and have been repeatedly shown to afford air-
stable device function as OFET materials.
2,4,16,35,36,51
 
It has also been found that fluoroalkyl imide substituents can afford a certain degree of air 
stability to rylene diimide n-channel semiconductors. First noted in 2000 by Katz et al., it was 
observed that OFETs fabricated using a perfluoroalkyl naphthalene diimide (NDI) functioned 
in air, whereas those fabricated with analogous n-alkyl NDIs did not.
52
 Since then, there have 
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been numerous studies into the use of perfluoroalkyl imide groups to obtain air-stable PDIs 
for OFET applications.
15,16,35,36,51,53–55
  
It was proposed by Katz et al. that the perfluoroalkyl groups provide a steric barrier to O2 and 
H2O penetration, lending greater stability to these devices compared to the n-alkyl PDI 
devices, and this interpretation is generally accepted.
16,52,56
  
More recently, longer term stability studies have shown that PDIs with LUMOs not deep 
enough, according to the requirements outlined by De Leeuw et al.,
50
 for electrochemical 
stability, are not truly air-stable, as a result of the steric barrier alone.
16,56
 PDIs with LUMOs 
deep enough to afford electrochemical stability, as described above, show a drop in 
performance of ca. an order of magnitude.
16,35,56
 Perfluoroalkyl PDIs with such LUMO levels 
also drop by a similar degree, but can take several hundred days before stabilising at the new 
lower mobility,
36
 presumably due to the slower rate of penetration by O2 and H2O. When 
PDIs with low enough LUMOs are returned to an inert atmosphere, the mobility is restored, 
as the O2 and H2O are removed.
51
 In summary, it appears that stability due the steric barrier, 
as described by Katz et al. is transient, and that electrochemical stability is the key factor in 
creating materials with long term stability.  
 
1.3.3.2 Morphology 
In order for a BHJ device to operate efficiently, a balance must be struck between 
maximising the interfacial area between donor and acceptor domains and the need for 
domains to be of a sufficient size to allow efficient charge separation and percolation to the 
electrodes. It has been suggested that the poor performance of PDIs in solution-cast BHJ 
devices is due to the tendency of these materials to form micrometer size domains, limiting 
exciton dissociation.
3
 However transient absorption studies of PDI-polymer blends compared 
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to PCBM-polymer blends have shown that the PDIs can be efficient charge separators. This 
observation is attributed to the high mobility, arising from the tendency to form large ordered 
domains.
57,58
 Whatever the mechanism, it remains the case that PDI-polymer devices show 
low efficiencies, and the majority of those tested have been highly planar PDIs with a strong 
tendency to aggregate. 
 
1.3.3.3 Absorption 
In order to maximise the efficiency of OPVs the active layer materials must absorb as much 
incident photon flux as possible. PDIs are known to have very strong absorption in the visible 
range; however, with the exception of 19e‡, all of the PDIs tested in OPV so far have sharp, 
high energy (ca. 450-550 nm) absorption profiles. This means that the contribution of the 
acceptor to the photocurrent is limited. 
 
1.4 Dicyano Perylene Diimides and OFETs 
Organic field-effect transistors (OFETs), electronic devices in which the current through an 
organic semiconductor between two electrodes is modulated by an applied electric field, are a 
very active and promising area of research at present.
4
 It is also the application towards which 
most research involving PDIs is presently directed.
2–5
 In this field, the types of PDIs which 
have been found to be most successful are PDIs with small electron-withdrawing bay 
substituents such as halogens,
15,23,59
 cyano groups,
16,34–36,51,60
 or unsubstituted PDIs.
61
 
Unsubstituted PDIs are generally found to give high electron mobilities due to their planarity; 
however, as discussed in the previous section, they are not air-stable. The dicyano PDIs (e.g. 
PDI 25e) are also planar and show high electron mobilities, but with the added advantage of 
affording air-stable device function. 
2,4,5,16,34,36,53,62
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The dicyano PDIs are, therefore, perhaps the most important class of PDI-derivative. Field-
effect electron mobilities as high as ca. 6 cm
2
 V
−1
 s
−1
 have been reported for single-crystal 
devices in vacuum
63
 and ambient mobilities in the order of 10
−1
 cm
2
 V
−1
 s
−1
 have been 
reported for vacuum deposited devices.
16,35
 Solution-processed devices have shown 
mobilities as high as 0.08 cm
2
 V
−1
 s
−1
.
51
 Low operating voltages have also been reported, an 
important requirement of commercial electronics applications.
60
  
As the previous paragraphs illustrate, the dicyano PDIs are an important class of materials, 
which are currently very actively studied. They are also synthesised from dibromo PDIs,
34
 
produced using the BASF patent procedure discussed in the previous section,
14
 and as such 
exist as regioisomeric mixtures. At the time of writing, there are no reports of any method to 
remove the minor regioisomer from samples of dicyano PDIs. This is likely to be due to the 
fact that, of all the functional groups normally attached to the PDI bay positions, the cyano 
moiety has the least effect on the overall PDI shape. As mentioned in the Section 1.2.3 of this 
chapter, only PDIs with large groups at the bay positions have been reported to be separable 
by chromatography. Being very similar in shape, and possessing the same functionality, the 
difficulty in separating dicyano regioisomers is understandable.  
The great difficulty in separating the regioisomers means that there are currently no reported 
studies into how the presence of the minor regioisomer affects the physical and device 
properties of these materials. As such, a simple procedure which affords good yields of the 
major 1,7- regioisomer, from the regioisomeric mixture, could be of great value to the field.   
As noted above, the solution-processed mobilities of dicyano PDIs are lower than those of the 
vacuum deposited devices. It has been found, by Struik et al. in 2000 and Jeon et al. in 
2010,
64,65
 that bay-unsubstituted PDIs bearing long n-alkyl imide substituents can undergo 
phase transitions to highly ordered states with annealing. This increased ordering of the PDI 
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semiconductor led to increases in charge carrier mobility. The degree to which the annealing 
increased mobility was found to depend on the chain length of the n-alkyl imide substituents. 
If such an effect can also be repeated with a dicyano PDI, this could present a method for 
improving the performance of solution-cast dicyano PDI OFETs by post-fabrication 
annealing. At the time of writing, however, n-octyl chains are the longest reported imide 
groups for a dicyano PDI, and thermal analysis of this material does not show the same clear 
liquid crystal transition as observed for the unsubstituted PDIs.
16,64,65
  
  
1.5 Aims and Objectives 
1.5.1 PDIs for OPV  
In this thesis a range of PDIs are reported which attempts to combine several properties 
desirable for OPV: 
 Inherent air-stability, based on the relation of acceptor reduction potential and 
stability as described by De Leeuw et al..
50
 
 A broad absorption profile, with significant absorption at the low energy end of the 
visible spectrum to maximise the acceptor contribution to photocurrent. 
 Non-planar structure, to hinder aggregation and phase segregation into overly large 
domains and also increase solubility. 
In order to achieve this, PDIs were synthesised bearing a combination of cyano and cyclic 
amine moiety at the bay positions, as shown in Figure 1.6: 
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Figure 1.6: General structure of PDIs synthesised in this thesis as new OPV materials. The cyclic amines investigated were 
pyrrolidine, piperidine and morpholine.  
The substitution with an electron-donating pyrrolidinyl group and an electron-withdrawing 
cyano group at the bay positions has been shown once before to afford a strongly red-shifted 
absorption relative to the dicyano PDIs,
7
 but no other OPV-relevant information on this 
material was reported. In this thesis, a series of these compounds is investigated and their 
electronic properties studied. 
Based on the electronic and morphological properties, one of these materials was selected for 
further study as an acceptor in OPV devices with PCDTBT (11, Figure 1.7) as the donor 
material. The material is compared with equivalent devices utilising a planar dicyano PDI and 
PC70BM (12, Figure 1.7) as the acceptor.  
 
Figure 1.7: Structures of the donor polymer PCDTBT (11) and the fullerene-based acceptor PC70BM (12). 
 
Having samples of the PDI selected for OPV device testing consisting of different ratios of 
the major 1,7- regioisomer and minor 1,6-regioisomer allowed devices to be tested with 
different PDI regioisomer ratios. The effect of the minor regioisomer concentration is 
therefore also investigated as part of the OPV studies on this material. 
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1.5.2 Dicyano Perylene Diimides and OFETs 
1.5.2.1 Kinetic Resolution of Dicyano PDIs 
As mentioned in Section 1.2.3 of this chapter, during the course of the work undertaken for 
this thesis, it has been observed that dicyano PDIs can react with secondary amines. The 
reaction was found to proceed with kinetic resolution of the regioisomers. A large part of this 
thesis will focus on: 
 Investigation and optimisation of this reaction to demonstrate a procedure by which 
regioisomerically pure dicyano PDIs may be obtained in good yield. 
 Investigations into the effect of removing the minor regioisomer on the crystal 
structure and OFET device properties of the PDIs. 
 
1.5.2.2 Structure, Properties and Applications of the Kinetic Resolution Product 
The reaction of dicyano PDIs with secondary cyclic amines is an unexpected development. 
The aromatic C-H bonds are not normally known to react in such a way, particularly under 
such mild conditions. The fact that the material shows high solubility and a bright green 
colour suggests that this new class of PDI derivatives may be of interest in its own right.  
As such the new material is also investigated in order to determine the structure and 
investigate its properties with regards to potential applications in organic electronics.  
 
P a g e  | 23 
 
Chapter 1 
1.5.2.3 Synthesis and Testing of a New Dicyano PDI to Improve OFET Performance by 
Targeted Thermal Annealing 
Finally, as mentioned in Section 1.4, solution-cast devices of dicyano PDIs generally give 
lower mobilities than vacuum deposited devices. It has been shown that devices of 
unsubstituted PDIs with long n-alkyl imide substituents can be improved by post-fabrication 
annealing guided by knowledge of the temperature at which certain thermally activated phase 
transitions occur in these materials from thermal analysis. The extension of this approach to 
dicyano PDIs will be investigated by: 
 Synthesis of a new dicyano PDI with n-octadecyl imide substituents. 
 Thermal analysis of the material to discover whether it also displays such 
morphological characteristics. 
 Fabrication and testing of devices to study the effect of targeted annealing in this 
material.  
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Synthesis and Characterisation  
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2.1 Synthesis of Precursors 
The preferred procedure for synthesising bay-substituted PDIs, such as those studied in this 
thesis, begins with the bromination of perylene-3,4:9,10-tetracarboxylic acid dianhydride 
(PTCDA) 1 as shown in Scheme 2.1:
 
 
 
Scheme 2.1: Bromination of 1 by modified version of BASF patent procedure, leading to the regioisomeric mixture of the 
dibromo- 3 and a small amount of the tribrominated impurity 4.14 
 
Bromination of 1 afforded the desired dibromide 3 as a mixture of regioisomers. Tribromide 
4 was also present as a minor impurity. The overall crude yield was ca.89 %. The ratio of 1,6- 
(3†) and 1,7- (3‡) regioisomers was ca.1:4.14,7 The resulting crude mixture is effectively 
insoluble in all organic solvents and water, so further purification was deferred for the 
products of later reactions.  
 
Scheme 2.2: Synthesis of the dibrominated perylene diimide precursors. Reagents and conditions: 14a (29%): Crude 3, 
octyl-1-amine, propanoic acid, 160 °C, 22 h.16 14b (93%): Crude 3, heptafluorobutyl-1-amine, N-methyl pyrrolidinone 
(NMP), acetic acid, 90 °C, 6 h. 14c (78%): Crude 3, pentadecafluoroctyl-1-amine, NMP, acetic acid, 90 °C, 2 d. 35  
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The dibromo- PDIs were synthesised from the crude dianhydride mixture 3 using an acid-
catalysed condensation as shown in Scheme 2.2. Compound 14a was synthesised using a 
procedure from the literature to give a bright red powder in a relatively low yield of 29 %.16 
The literature yield for this method is also relatively low at 44 %.16  
Compounds 14b and 14c were synthesised in high yields of 93 % and 78 %, respectively, in 
good agreement with reported yields in the literature,
35,36
 where the trend of lower reaction 
yield and longer reaction time for the bulkier chain is also observed.  
In light of the existence of a higher yielding method for the synthesis of compound 14a in the 
literature;
38,66
 the cause of the greatly differing yield for 14a compared to 14b and 14c is 
likely due to simply the method used being less optimised rather than any underlying cause 
based on the amines themselves.  
The condensation products (Figure 2.1) of the tribromide impurity 4 were removed by 
chromatography at this stage; however the dibromide products remain a mixture of 
regioisomers and are used as such in further synthetic steps. 
 
Figure 2.1: General structure of impurities 15a, 15b and 15c. These are a result of the presence of the tribromo-dianhydride 
impurity 4.in the condensation reaction outlined in Scheme 2.2. These are in general easy to remove from the product 
dibromides by chromatography. 
  
 
P a g e  | 27 
 
Chapter 2 
 
2.2 Synthesis of Perylene Diimides for Organic Photovoltaics 
2.2.1 Synthesis of 1-Monobromo-6/7-Monoamino Perylene Diimides 
Non-symmetrically bay-substituted PDIs have been synthesised previously by Cao and 
Wasielewski in 1999 and by Würthner et al. in 2004.
27,7
 These reactions were carried out 
using neat pyrrolidine in a large excess, at elevated temperatures (80 °C and 46 °C 
respectively) on a dibromo PDI with cyclohexyl groups at the imide positions as shown in 
Scheme 2.3:   
 
Scheme 2.3: Synthesis of non-symmetric PDI 16e from the dibromide 14e Würthner et al.
7
 
In the same papers it was shown that longer reaction times and higher temperatures lead to 
the double-substitution product 19e: 
 
Figure 2.2: Double-substitution by-product 19e, from the amination reaction of 14e with pyrrolidine.7,27 
 
Attempts to replicate these conditions with the dibromide precursors studied in this thesis, 
however, quickly gave large quantities of the blue double-substitution products analogous to 
those shown in Figure 2.2. This was observed both visually and by monitoring the reactions 
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by TLC. The reactions were far too rapid and difficult to control using the literature methods. 
In order to determine the best reaction conditions, many small-scale optimisation/test 
reactions were performed before settling on the conditions described in Scheme 2.4. 
The test reactions showed that the reactivity of the cyclic amines dropped dramatically across 
the series: pyrrolidine >> piperidine > morpholine. It was also found that use of chlorinated 
solvents dramatically slowed the reactions. A possible reason for this is perhaps the poor 
solubility of the radical anion required to initiate the reaction (see mechanism proposed in 
Scheme 2.6) in chlorinated solvents.  
 
Scheme 2.4: Synthetic route to non-symmetrically bay-substituted PDIs and labelling system. Reagents and conditions (i): 
16a: 14a pyrrolidine, DCM, −78 °C to 25 °C, 1.5 h, at 25 °C, (68 %). 17a: 14a, piperidine, 1,4-dioxane, 50 °C,  8.5 h 
(impure). 18a: 14a, morpholine, 100 °C, 2 h, (68 %). 16b: 14b, pyrrolidine, DCM, 25 °C, 15 h, (69%).  17b: 14b, piperidine, 
1,4-dioxane, 25 °C, 3 d, (80%). 18b: 14b, morpholine, 1,4-dioxane, 25 °C, 2 d, (84 %). 16c: 14c, pyrrolidine, DCM, 25 °C, 
2 d, (61%). 
 
In light of these tests the strategy adopted was to limit the reaction rate of the highly reactive 
pyrrolidine using DCM, to allow relatively controlled syntheses of compounds 16a, 16b and 
16c. Despite the similar pKa values of pyrrolidine and piperidine (11.1 and 10.9 for their 
conjugate acids in DMSO, respectively),
67
 the reactions with piperidine are considerably 
slower and do not require suppression with chlorinated solvents, indeed the reaction with 
compound 14a required heating. While compound 17b was isolated in high yield (80 %) at 
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this stage, compound 17a could not be separated from the double-substitution by-product 20a 
and was used crude in the subsequent cyanodebromination procedure.  
 
Figure 2.3: Structure of the dipiperidinyl impurity 20a. 
 
The reaction of compounds 14a and 14b with morpholine (pKa 9.2 for morpholinium in 
DMSO) to give 18a (68 %) and 18b (84 %) required very long reaction times in the case of 
18b and heating in the case of 18a.  
All monobromide intermediates were purified by flash column chromatography on silica gel 
to remove unreacted starting material or by-products such as the double-substitution products. 
In most cases the double-substitution by-products were not present in appreciable quantities 
and were thus not isolated, apart from one notable exception discussed below. 
In the synthesis of compound 18a an appreciable quantity (47 mg) of the double-substitution 
by-product 21a was isolated. First recovered as a mixture of regioisomers from the initial 
purification of 18a by dry flash column, it was noted that the two regioisomers had slightly 
different Rf values when the fractions containing them were analysed by TLC. Further 
meticulous gradient dry-flash columns allowed a pure sample of the deep blue 1,6-
regioisomer 21a† and a highly concentrated (>90 % by 1H NMR) sample of the green 1,7-
regioisomer 21a‡ to be recovered for analysis. The higher Rf 21a† leaves a streaking tail as it 
progresses through the silica and this is the reason for its presence as an impurity in 21a‡. 
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Scheme 2.5: Regioisomers 21a† and 21a‡ of the double-substitution by-product of the reaction of 14a with morpholine. 
R = CH2(CH2)6CH3. 
 
The separation of these two regioisomers was found to be useful later (see Chapter 4) when 
developing methods for distinguishing and characterising such similar materials, in the work 
on kinetic resolution of the dicyano regioisomeric mixtures.  
 
Figure 2.4: Solutions of the two regioisomers of 21a in CH2Cl2. The 1,6- regioisomer 21a† (left flask, blue dashed line) is a 
deep blue while the 1,7- regioisomer (right flask, solid green line) 21a‡ is a deep green. 
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2.2.1.1 Discussion of the Reaction Mechanism 
It is proposed that the substitution reaction proceeds via a radical nucleophilic substitution 
(SRN1) mechanism, such as was first proposed by Bunnett and Kim.
68
 This mechanism is 
illustrated in Scheme 2.6 using a general 1,7-dibromo- PDI structure.  
 
Scheme 2.6: Mechanism of the proposed radical nucleophilic aromatic substitution reaction (SRN1).
68 
 
The reaction is initiated (i) by the reduction of the dibromo PDI A by an electron donor 
species to give the radical anion B, this species quickly dissociates (ii) into the neutral PDI 
radical C and a bromide anion.  The neutral PDI radical then reacts with the amine 
(pyrrolidine, here) (iii) to give the substituted radical anion D, which can itself reduce another 
dibromo PDI to regenerate the active species and allow the reaction to propagate (iv), leaving 
the final product E.  
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The mechanism described in Scheme 2.6 seems the most likely for our system as the 
„addition-elimination‟ nucleophilic aromatic substitution mechanism (SNAr) requires strong 
electron withdrawing groups in the positions ortho and para to the leaving group to activate 
the ring. For the PDI dibromides the nearest electron withdrawing group is meta to the 
leaving group position. The dibromo- PDIs are, by design, good electron acceptors and can 
be expected to readily form the radical anion of the initiation step if presented with an 
appropriate electron source.  
 
2.2.2 Cyanodebromination of Non-Symmetric Monobromo Perylene 
Diimides  
The final step in the synthesis of the non-symmetrically bay-substituted perylene diimides 
was the substitution of the bromo moiety for a cyano moiety. The cyanodebromination 
method selected is that used for the synthesis of the only other such material in the literature.
7
 
Namely a Negishi cross-coupling, using Zn(CN)2 as the CN
−
 source. The catalytic cycle of 
which is described below in Scheme 2.7: 
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Scheme 2.7: Catalytic cycle for Negishi cyanodebromination of perylene diimide monobromides. 
 
The Pd
0
 catalyst is synthesised in situ by the displacement of the dibenzylideneacetone (dba) 
ligands with the phosphine-based ligand DPPF in step A. The Pd
0
 catalyst then inserts into 
the Ar-Br bond via oxidative addition in step B to give a Pd
II
 complex which undergoes 
transmetallation with Zn(CN)2 or Zn(CN)Br in step C, replacing the bromide ligand on the 
Pd
II
 centre with a cyanide ligand. In step D the catalyst is regenerated by reductive 
elimination, leaving the cyanide group on the PDI. 
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Scheme 2.8: Reagents and conditions (i): Zn(CN)2, Pd2(dba)3, DPPF, 1,4-dioxane, 94°C, 1-3 d. Yields: 22a (70 %), 23a 
(25 %, over two steps from 14a), 24a (75 %), 22b (66 %), 23b (25 %), 24b (52 %), 22c (54 %). 
 
Monitoring of the reaction by TLC allowed the cyanodebromination reactions, shown in 
Scheme 2.8, to be carried out to completion by observing the consumption of the starting 
monobromide PDI. In the majority of cases, impurities were only present in trace quantities. 
However, removing these small impurities was found to be very difficult in most cases, 
particularly in those materials containing a piperidinyl moiety.  The yields listed above are, 
therefore, a reflection of this difficulty in purification, rather than the level of optimisation of 
the reactions themselves. 
 
P a g e  | 35 
 
Chapter 2 
 
2.3 Characterisation of Materials 
The dibromide precursors are all well known literature materials.
7
 These were characterised 
by comparison of the 
1
H NMR spectra to the literature values and by comparing mass 
spectrometry molecular ions to calculated values. The anhydride 3 is insoluble in organic 
solvents therefore mass spectrometry was not possible on this material.  
The new non-symmetric PDIs were fully characterised by all the relevant techniques 
available; mass spectrometry, IR spectroscopy, UV-vis spectroscopy and melting point as 
standard. This section focuses on those NMR spectroscopy techniques used to characterise 
the non-symmetric PDIs, as the full assignment was not trivial. An examination of the 
detailed characterisation of 18a is used as an example. 
 
Figure 2.5: The labelling system used for characterisation of the non-symmetric PDIs by 1H NMR and 13C {H} NMR 
spectroscopy. 
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2.3.1 Nuclear Magnetic Resonance Analysis of 18a 
 
Figure 2.6: 1H NMR (400 MHz, CDCl3) spectrum of 18a. The aromatic shifts corresponding to the 1,6- regioisomer are 
labelled with a † symbol. The chemical shifts of the non-aromatic protons are coincident with those of the more abundant 
1,7-regioisomer. 
 
Figure 2.6 shows the 
1
H NMR spectrum of a pure sample of 18a isolated as a regioisomeric 
mixture. The major, 1,7-regioisomer has six proton signals, each of 1 H integration, in the 
aromatic region, as would be expected from its structure. There are also three new multiplets 
δ 3.93 (4 H), δ 3.34 (2 H) and δ 3.13 (2 H) resulting from the morpholinyl moiety.  
In the room temperature spectrum of morpholine or N-methylmorpholine just two signals, of 
equal 4 H integration, are observed. These are assigned to the methylenes α to the nitrogen 
atom and α to the oxygen atom. The axial and equatorial protons appear to be equivalent 
because the rate of „ring-flipping‟ is fast enough to give a time-averaged signal on the NMR 
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timescale and the axial and equatorial protons of the ring-inversion conformer are effectively 
identical to the original as can be seen in Scheme 2.9. 
However, axial and equatorial protons in a ring are inequivalent as they inhabit slightly 
different chemical environments and are not related by symmetry. For example when N-
methyl morpholine is cooled to <242 K the rate of ring-flipping is slowed and the signals 
separate to give a spectrum similar to that of  18a (as well as analogous PDIs
27
).
69
  
 
Scheme 2.9: Morpholinyl moiety in both chair conformations. 
In N-methylmorpholine, free rotation about the Me–N bond, which can still occur at 242 K, 
makes the two sides of the morpholine equivalent on the NMR timescale, hence there are 
only four signals in the 242 K spectrum rather than eight.
69
 In the structure of 18a the 
morpholinyl group is bound to a large, non-symmetric π-system, rotation around the Ar–N 
bond does not make the two sides equivalent. If the morpholine ring is locked in one 
conformation by its attachment to the PDI bay region, then all eight protons could be 
distinguishable, though some may of course be coincident at this field strength. 
Another effect, which should also be considered, is that of the aromatic ring current. 
Aromatic rings are known to give rise to an effect known as a ring current in the presence of 
an externally applied magnetic field perpendicular to the plane of the ring. The ring current 
results in a local magnetic field around the aromatic ring.
70
 Protons in the immediate vicinity 
which are held in the plane of the ring experience a deshielding effect because the induced 
field here is in the same direction as the external field.  
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The spectrum observed in Figure 2.6 is complex as a result of the combination of these 
factors. The fact that the morpholinyl signals are separated presents an opportunity to more 
fully assign these features of the spectrum. To achieve this, several 2D NMR spectroscopy 
techniques were applied. 
 
2.3.1.1 Heteronuclear Correlation Spectroscopy 
 
Figure 2.7: 1H-13C HSQC contour plot for the morpholinyl ring of PDI 18a. The 1D spectra shown here are from separate 
1D NMR experiments and are shown in place of the original data as a visual aid for the interpretation of the data. 
 
First, the proton-carbon heteronuclear correlation spectrum (HSQC) (Figure 2.7) shows that 
the three multiplets mentioned previously originate from protons bound to just two carbon 
environments, i.e. the δ 3.34 and δ 3.13 multiplets correspond to protons bound to carbons 
C2ʹʹ and C6ʹʹ and the δ 3.93 multiplet corresponds to protons bound to carbons C3ʹʹ and C5ʹʹ. The 
HSQC experiment also allowed assignment of the other carbons bound to protons. 
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2.3.1.2 Homonuclear Correlation Spectroscopy 
Homonuclear correlation spectroscopy (COSY) identifies through-bond J-coupling between 
nuclei, usually protons, though COSY experiments are also possible with other NMR-active 
nuclei. It is particularly useful when detailed analysis of the multiplicity is not feasible, as is 
the case in the spectrum of 18a. Figure 2.8 shows those proton-proton couplings relevant to 
the morpholinyl moiety of 18a.  
 
Figure 2.8: 1H-1H COSY analysis of protons on the morpholinyl ring of 18a.  
 
On inspection of Figure 2.8, an intense cross peak for the two (2 H) multiplets at δ 3.34 ppm 
and δ 3.13 ppm is observed due to the protons on C2ʹʹ and C6ʹʹ. Since the HSQC has already 
shown that these arise from a single carbon environment, it can be deduced that this is axial–
equatorial geminal (
2
JHH) coupling between the protons on C2ʹʹ and C6ʹʹ. The cross peaks for 
this coupling are intense due to the direct relationship between cross peak intensity in a 
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COSY experiment and the J-coupling constant between the two protons.
71
 This is useful as it 
also allows differentiation between the other cross peaks. The axial-axial cross peak should 
be much more intense than the axial-equatorial or equatorial-equatorial cross peak, in 
accordance with the Karplus relationship for vicinal protons, as indeed is observed in 
Figure 2.8. This, in turn, allows assignment of the multiplets at δ 3.34 ppm and δ 3.13 ppm, as 
equatorial and axial protons, respectively.  
The 
1
H-
1
H COSY spectrum shows that the pattern of chemical shifts is due to the axial and 
equatorial protons of the ring, and the HSQC spectrum shows that there are only two carbon 
environments, suggesting that there is a single conformer of the morpholinyl moiety which 
can freely rotate. However, as discussed, the molecule is not symmetric and so a rotation of 
180° about the Ar–N bond does not make the two sides of the moiety truly chemically 
equivalent. It is possible to propose a fluxional process which renders the C2ʹʹ and C6ʹʹ axial 
protons equivalent, and the same for the equatorial protons at these positions: A partial 
rotation of the moiety, with a twist in the PDI aromatic core, allows this, as shown in Figure 
2.9, as it results in an enantiomer.  
 
Figure 2.9: From left to right. Proposed fluxional process wherein a partial twist around PDI-N bond followed by a twist of 
the PDI aromatic core gives the same conformer again but with the 2ʹʹ and 6ʹʹ positions reversed. 
 
As to the other conformer (Figure 2.10), it is not possible to rule out its presence completely. 
The above data, and the interpretation given, could also allow for the other conformer to be 
present, but at a low probability distribution, i.e. as the minor conformer. The interpretation 
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outlined above is in good agreement with what has already been observed in the 
heteronuclear correlation spectrum, where the three multiplets are coupled to just two 
equivalent carbon environments.  
 
Figure 2.10: Major conformer (right) and the ring inversion conformer (left). 
 
The COSY experiment also corroborates the assignment of the multiplet at δ 4.18 ppm to the 
four protons at the 1ʹ positions by showing a J-coupling to the 2ʹ protons.  
Analysis of the COSY spectrum also shows which of the aromatic doublets are coupled to 
each other, combining this knowledge with data from another type of 2D NMR spectroscopy; 
Nuclear Overhauser Effect Spectroscopy (NOESY), which show magnetisation transfer 
through space rather than bonds, allowed the full assignment of the perylene diimide aromatic 
protons, as those on the same side as the morpholinyl moiety can show NOE responses to 
protons on the morpholinyl ring. 
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2.4 Spectroscopic Determination of Regioisomer Identity 
In section 2.2.1 of this chapter, separation of the dimorpholinyl by-product (21a) from the 
synthesis of 18a was described. The subsequent chromatographic resolution of 21a, into 
regioisomerically pure samples of the 1,6- regioisomer 21a† and 1,7- regioisomer 21a‡, was 
also described.  
Chromatographic separation of PDIs has been achieved previously in a study by Dubey et al. 
with the disubstituted PDIs shown in Scheme 2.10.
25
 Another example of PDIs being 
separated into regioisomerically pure samples is described by Dey et al., who synthesised a 
range of aryl- disubstituted PDIs and were able to separate the regioisomers by 
chromatography.
31
  
 
Scheme 2.10: Disubstituted PDIs synthesised and separated into regioisomerically pure samples of 1,6- and 1,7- regioisomer 
by Dubey et al..25 
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In these papers, the authors were able differentiate between the two regioisomers by 
comparison of the 1ʹ methylene proton resonances at ca. 4.2 ppm. The 1,7- regioisomer 
shows a single triplet as the two naphthalene subunits are chemically identical, whereas the 
1,6- regioisomer shows two triplets, due to there being two distinct naphthalene subunits in 
the structure. The PDIs studied by Dubey et al. (Scheme 2.10) and Dey et al. all showed a 
large difference in the two 1ʹ methylene triplets of the 1,6- regioisomer making this 
interpretation unambiguous. 
 
Figure 2.11: 1H NMR (400 MHz, CDCl3) comparison of the regioisomers; a) 
1H NMR spectrum of the blue 1,6-
regioisomer 21a†, b) Selectively decoupled 1H NMR spectrum of 21a†,  c) 1H NMR spectrum of the green 1,7-regioisomer 
21a‡, d) Selectively decoupled 1H NMR spectrum of 21a‡.  
 
In the case of 21a, the 
1H NMR spectrum (Figure 2.11, spectrum (a)) shows the two 1ʹ 
methylene shifts of the 1,6-regioisomer are much closer to being coincident than the distinct 
triplets of the literature examples. In other PDIs these triplets can be even closer together. As 
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a refinement to this spectroscopic comparison, selective decoupling of the relevant methylene 
shifts, by targeting the 2ʹ resonance with a radio frequency pulse, results in spectrum b) for 
the blue 1,6- regioisomer and d) for the green 1,7- regioisomer. Preventing coupling between 
methylenes 1ʹ and 2ʹ allows clear differentiation between the two chemically inequivalent 1ʹ 
methylene resonances in the spectrum of the blue compound, as they appear as two singlets, 
identifying it unambiguously as the 1,6-regioisomer 21a†. This simple refinement may be 
applied to any PDI where the 1ʹ position is taken by a methylene group. 
 
2.5 Synthesis of Dicyano Perylene Diimides 
The dicyano- bay-substituted PDIs 25a and 25b were originally synthesised as reference 
materials for comparison with the new OPV materials, as they are well researched materials 
which have been shown on several occasions to afford air-stable organic field-effect 
transistors.
16,35,36,51,53
 However, work on these materials led to the serendipitous discovery of 
some new chemistry which will be further discussed in Chapter 4 of this thesis. 
The dicyano PDIs were originally synthesised using the same Negishi chemistry as discussed 
earlier in this chapter, please refer to Scheme 2.7 for the mechanism of these reactions. The 
Negishi cross-coupling method is an established procedure for 25b, however the N-alkyl 
substituted 25a is normally synthesised by a direct nucleophilic substitution, using copper 
cyanide as the CN
−
 source.
16,72
  
 
Scheme 2.11: Literature procedure for the synthesis of 25a from 14a in yields of 61 %16 and 69 %72. 
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The above method, outlined in Scheme 2.11, and known in its general form as a Rosenmund-
von Braun reaction,
73
 has been shown to give 25a in reasonable yields of up to 69 %, though 
it requires higher temperatures and a greater excess of the cyanide source than the Negishi 
method. Here the Negishi method was selected for all cyanodebrominations due to the 
potential for attaining high conversions and to reduce the quantity of hazardous excess 
cyanide. 
 
Scheme 2.12: Synthesis of the dicyano PDIs 25a and 25b. Reagents and conditions (i): 25a: 14a, Zn(CN)2, Pd2(dba)3, 
DPPF, 1,4-dioxane, 94°C, 1-3 d, (77 %). 25b: 14b, Zn(CN)2, Pd2(dba)3, DPPF, 1,4-dioxane, 94°C, 1-3 d, (67 %). For clarity, 
only the 1,7-regioisomers are shown, both starting material and product are present as a mixture of regioisomers. 
 
The cyanodebrominations were monitored by TLC and 
1
H NMR analysis of samples taken at 
regular time intervals which allowed the reaction to be monitored until complete consumption 
of the dibromide. Cyanodebromination of the dibromides 14a and 14b yielded the dicyano 
PDIs 25a and 25b, in reasonable yields of 77 % and 67 %, respectively, both compounds 
were isolated as a mixture of isomers which could not be resolved. 
 
2.5.1 PDIs with n-Octadecyl Substituents at the Imide Positions 
These new materials were synthesised to investigate the use of long alkyl chain substituents 
on the imide position as a means to improving OFET performance in dicyano PDIs by 
annealing. Such an improvement has been previously demonstrated by Struijk et al. in 2000 
and Jeon et al. in 2010 using unsubstituted PDIs.
64,65
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Scheme 2.13: Synthesis of C18 chain PDIs. Reagents and conditions: 14d (28%): Compound 3, octdeccyl-1-amine, 
propanoic acid, 165 °C, 3 d. 
 
The compound 14d was synthesised using the same method as in the synthesis of 14a; dark 
red-brown needle-like crystals of 14d were obtained in a yield of 28 %. This low yield is 
comparable to recent literature (31 % crude), despite the very different reaction conditions 
used in the literature.
8
 Whether this is due to low conversion or simply difficulty of recovery 
is hard to tell, as the very low solubility of the starting material and product frustrated all 
attempts to follow the reaction to completion.
66
 
 
Scheme 2.14: Cyanodebromination of 14d to give 25d. (i) Reagents and conditions: 14d, Zn(CN)2, Pd2(dba)3, DPPF, 1,4-
dioxane, 94 °C, 3 d, 45 %. 
 
Cyanodebromination of 14d afforded the dicyano product as a bright red powder. The low 
yield is a symptom of the difficulty in removing even minor by-products from this material. 
The solubility of the product is too low for chromatography, so repeated recrystallisations 
were used. 
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2.5.2 Regioisomer Ratio Scrambling by Palladium 
While working on the cyano- substituted materials it eventually became apparent that the 
ratio of the two regioisomers was changing during the cyanodebromination step. The 
phenomenon was not detected initially as the change was not always significant, and in many 
of the materials there is considerable overlap of signals in the 
1
H NMR spectra of the two 
regioisomers. However, on inspection of the crude 
1
H NMR spectra over the range of 
materials synthesised it became apparent the ratio differed to some extent in the majority of 
reactions; compared to the original ratio in the dibromide or monobromide starting material, 
and between different batches made from the same starting material. 
 
Figure 2.12: Comparison of the original 14a spectrum a), with two examples, b) and c) of the crude product (25a) of the Pd-
catalysed cyanodebromination of this material to highlight the variation in regioisomer ratio following this reaction. The 
ratio of regioisomers was estimated in b) and c) as ratio of the singlets at c.a. 9.00 ppm and 9.05 ppm averaged with the ratio 
of the doublets at c.a. 8.90 ppm and 8.95 ppm. The ratio of regioisomers in spectrum a) was estimated by deconvolution of 
the doublets at c.a. 9.50 ppm using the built-in software present in MestreNova for this and was found to be in good 
agreement with the previously reported ratio by Würthner et al..7 This demonstrates how the ratio of the two regioisomers 
changes during a cyanodebromination. 
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Such rearrangements have been noted before in the Heck and Suzuki coupling reactions of 
biaryl halides in which the halide moiety is ortho to the aryl-aryl bond.
74–76
 In these works it 
is proposed that, after oxidative addition of the palladium catalyst into the aryl halide bond, 
the bound palladium is able to activate the CH group on the other aryl unit ortho to the aryl-
aryl bond and eliminate HX (where X =  halide) to form a 5-membered palladacycle. The 
proposed mechanism is shown in Scheme 2.15: 
 
Scheme 2.15: General form of proposed mechanism of 1,4- palladium migration in palladium mediated coupling reactions.76 
 
Larock and co-workers found that the presence of the phosphine ligands actually promotes 
the migration to such an extent that there is equilibration of the reaction resulting in a 1:1 
mixture of products.
75
 In this work, the ratio of regioisomers never exceeds 2:3, suggesting 
that it is the equilibrium position for these systems. The difference may be due to the 
difference in reactivities of the CH groups to C-H activation depending on whether the 
naphthalene sub-unit has a substituent or not. 
Larock et al. also found that the migration could be „switched-off‟ by avoiding phosphine-
based ligands and adding four equivalents ethyl acrylate. This observation may be of use if 
regiopure dibromo PDI can be isolated. 
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2.5.3 Improvement to the Negishi Cyanodebromination Procedure 
During the course of this work it was found that attempts to repeat the above 
cyanodebrominations were becoming irreproducible and the purity of products, using the 
same catalyst system, decreased over time, making some already problematic purifications 
even more difficult. Zalesskiy and Annanikov have recently reported on the purity of 
commercial Pd2(dba)3 pre-catalysts.
77
 They demonstrated that freshly prepared high purity 
Pd2(dba)3 can quickly decompose both thermally and in the presence of oxygen, depending 
on the storage conditions, even in the solid state.  
In this work Pd2(dba)3 was used „as-received‟ for over several months, so it seems likely that 
the catalyst was degrading by the time the problem was noticed. To overcome this, the use of 
a more stable pre-catalyst; palladium acetate (Pd(OAc)2), was investigated. 
 
Scheme 2.16: Method B for the cyanodebromination of PDIs. 
 
Palladium acetate, being a Pd
II
 compound, is much more stable to oxidation by ambient 
oxygen present in the air. The more ionic nature of its bonding also lends it a greater thermal 
stability than the labile dibenzylideneacetone ligands in Pd2(dba)3. 
There was no need to investigate other catalysts as the initial tests were immediately very 
successful, the use of Pd(OAc)2 with the same conditions as the earlier reactions was found to 
allow the reaction to progress to completion with minimal impurities.  
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Figure 2.13: Crude spectra of spectra of 25a synthesised by a) the original procedure (Method A) and b) by the new 
procedure (Method B). 
 
While it may appear that the amount of impurity is minimal in spectrum (a) of Figure 2.13, it 
should be noted that, in organic electronic devices, even trace impurities can have dramatic 
effects on the performance of materials, effects which may be greater than the effect of the 
variable under study.
78
 It is also worth noting that the new reactions were more pure by TLC 
which can show highly coloured or fluorescent trace impurities which may not be observed 
by NMR spectroscopy, these impurities were observed in product of the Method A reactions.  
The synthesis of 25a by Method B was eventually optimised to the point where the target 
material could be recovered with a 98 % yield, requiring minimal purification, although 
regioisomer scrambling was still observed. 
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2.6 Chapter Summary 
The successful synthesis and full characterisation of a range of new, non-symmetrically bay-
substituted PDI materials is reported. The combination of electron withdrawing cyano 
substituents and bulky, electron donating, cyclic amine substituents, are expected to give 
PDIs with improved performance in organic photovoltaics. In the following chapters the 
further investigation of the properties of these materials pertaining to OPV performance and 
eventually actual device performance of certain materials will be described. 
The synthesis of PDIs for OFET applications, including the literature compounds 25a and 
25b, as well as the new compound 25d is reported. The application of 25d in an OFET 
setting and the effect of selective annealing on device performance will be discussed as part 
of Chapter 5.  
During work with the dicyano PDIs, new reactions of this class of materials were discovered, 
which led on to new types of PDIs and a procedure for the removal of the unwanted 1,6- 
regioisomer impurities from this class of PDIs. In later chapters the synthesis, 
characterisation and relevant properties of one of the new materials will be discussed as well 
as its potential for applications in OFETs. The kinetic resolution of dicyano PDIs and its 
effects on the physical properties and device properties of these materials will also be 
discussed. 
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Organic Photovoltaics  
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3.1 New Perylene Diimides for Organic Photovoltaics 
3.1.1 Chapter Overview 
In Chapter 2 the synthesis of a range of PDIs, of the general formula shown in Figure 3.1, for 
use in organic photovoltaics was outlined. In this chapter, those properties of the materials 
most relevant to OPV function will be discussed. 
 
Figure 3.1: General structure of PDIs developed in this thesis as alternative acceptors for organic photovoltaics. The 
reaction conditions are described in Scheme 2.8 of Chapter 2. 
 
3.2 Electronic Properties 
To determine the viability of the new materials synthesised in Chapter 2 (section 2.2.2) 
(shown here in Figure 3.1) for use in OPV, it is important to investigate their electronic 
properties. It is necessary to determine the HOMO and LUMO levels of the material, to allow 
selection of appropriate donor materials and electrodes. As discussed in Chapter 1 (section 
1.3.3.1), the depth of the LUMO level also gives an indication as to whether the material may 
be air-stable. For n-channel organic semiconductors the LUMO level can be estimated from 
the reduction potential of the solution-phase cyclic voltammogram, this data can then be 
combined with the optical band-gap to estimate the HOMO level. 
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3.2.1 Optical Properties 
In order to maximise the photocurrent in an OPV device, it is important that there is a close 
match with the incident solar flux. In practice this means making an active layer that absorbs 
strongly from the ultraviolet to infrared regions of the electromagnetic spectrum.  
It is convenient to estimate optical band-gap (Eopt) from the lowest energy transition of the 
solution-phase UV-vis spectrum; however, this assumes minimal solvatochromism on the 
part of the PDI. 
 
Figure 3.2: (a) Solution-phase (CH2Cl2) UV-vis absorption spectra of PDIs with n-octyl groups at the imide position: the 
dicyano PDI 25a (orange, solid line), and new materials 22a (red, dash-dot line), 23a (green, dashed line) and 24a (blue, 
dotted line). (b) Solution-phase (CH2Cl2) UV-vis absorption spectra of PDIs with 2,2,3,3,4,4,4-heptafluorobutyl groups at 
the imide position: The dicyano PDI 25b (red, solid line), and new materials; 22b (purple, dash-dot line), 23b (green, dashed 
line) and 24b (blue, dotted line). The spectrum of 22c is effectively identical to that of 22b. This data was gathered with 
assistance from Caroline Chua, Imperial College Department of Chemistry Masters project student. 
 
Inspection of the UV-vis data in Figure 3.2, shows that the absorption profiles of the new 
PDIs are considerably bathochromically shifted in comparison to the respective dicyano 
PDIs.  The new materials absorb strongly across a large portion of the visible spectrum. The 
degree to which the material is red shifted is correlated to the pKa values of the conjugate 
acids of the secondary amine used (11.1, 10.9 and 9.2, for pyrrolidinium, piperidinium and 
morpholinium, respectively). In other words the red shift in the absorption is related to the 
electron-donating strength of the nitrogen atom of the secondary amine. 
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Sharp, well-defined vibronic features are observed in the absorption profiles of the S0→S1 
electronic transitions of both dicyano PDIs. The vibronic peak-to-peak separation of ca. 1400 
cm
−1
 indicates coupling of the S0→S1 excitation to aromatic C=C stretching vibrations. This 
strong vibronic progression has been attributed to the symmetrical long axis „breathing‟ mode 
of the PDI core, which couples strongly with the S0→S1 excitation, as this transition is 
polarised along the PDI long axis (shown in Figure 3.3).
18
  In comparison, the S0→S1 
excitations of the new PDIs are very broad.  
 
Figure 3.3: HOMO (left) and LUMO (right) molecular orbitals of 24a‡ (bottom) and 25f‡ (top) by DFT. The middle 
pictures show the transition dipole moments (red arrows) associated with the S0→S1 excitation and the change in electron 
density (purple = increase in e− density, cyan = decrease in e− density) for this transition in 24a‡. The frontier molecular 
orbitals and electronic transition characteristics were calculated by TD-DFT, using the B3LYP functional and 6-31G* basis 
set. TD-DFT calculations for the new PDIs were performed by the author. The TD-DFT calculation for 25f‡ properties was 
performed by Dr Nick Evans. 
 
As shown in Figure 3.3, a significant portion of the HOMO electron density is centred on the 
amine moiety of the 24a structure. The LUMO is concentrated on the PDI core and imide π* 
orbitals, as well as the cyano moiety. The S0→S1 excitation thus involves a significant 
amount of amine-to-PDI charge transfer (CT) character, distorted somewhat by the presence 
P a g e  | 56 
 
Chapter 3 
 
of the cyano moiety. This has the effect of re-orienting the transition dipole moment away 
from the long axis of the PDI, in the direction of the short axis. It is therefore not surprising 
that the new PDIs do not show the same strong coupling to the core breathing mode as the 
dicyano PDIs. There are several aspects of the new materials which are likely to contribute to 
the broadness of their S0→S1 absorption profiles, and these will now be considered. 
When the S0→S1 excitations are deconvoluted (see the Appendix section 8.2 for details on 
the deconvolution method), it is found that the experimental spectra can be reconstructed 
from three broad Gaussian distributions (vibronic transitions), with peak-to-peak separations 
of ca. 1000-1100 cm
−1
. This vibronic progression in the S0→S1 transition indicates that the 
aliphatic C–N stretching mode of the amine moiety (aliphatic C–N stretch = 1020-1250 cm−1) 
and aromatic in-plane C–H stretching modes (aromatic in-plane C–H bend = 1000-1250 
cm
−1
) of the aromatic core are involved in the vibronic coupling. These extra vibrational 
contributions, relative to the dicyano PDI, may explain, in part, the broadness of the S0→S1 
excitation. Another potential source of absorption broadening is the CT nature of the 
transition. CT excitations lead to polarised excited states, which can interact more strongly 
with the solvent molecules, this is known to cause broadening of transitions.
79
  
The piperidinyl and morpholinyl moieties can adopt multiple conformations; broadening due 
to conformational mobility may explain the fact that the PDIs bearing pyrrolidinyl moieties 
display more featured S0→S1 excitations than the PDIs bearing amine moieties which can 
adopt multiple conformers.  
The oscillator strengths (f) of the S0→S1 excitations for the PDIs shown Figure 3.2 (a) were 
calculated numerically from the area under absorption spectrum of this transition. The 
oscillator strengths for the S0→S1 excitations of the new PDIs (0.21, 0.26 and 0.27 for 22a, 
23a and 24a respectively) are considerably lower than that of the dicyano PDI 25a (f = 0.45). 
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To explain this, it is first necessary to consider what features of the excitation affect the 
oscillator strength. As shown by Equation 3.1, the oscillator strength (f) for an electronic 
transition is proportional to the energy of the transition   (in cm−1) and the square of the 
transition dipole moment μ.79 The transition dipole moment is itself proportional to the length 
r of the transition dipole.
79
 
     
       
    
    3.1 
Since f is proportional to the energy difference between initial and final states (  in Equation 
3.1), the fact that the S0→S1 excitations of the new PDIs are significantly bathochromically 
shifted with respect to the dicyano PDI explains, in part, the lower intensity of this transition 
in the new materials. As noted in Figure 3.3, the transition dipole moments of the new 
materials are rotated away from the long axis of the PDI towards the short axis, constricting 
the dipole length r. Since f   μ2 and the magnitude of μ depends on the length of the dipole 
(r), even a small change r can have a dramatic effect on the absorption intensity.
79
  
From a practical standpoint, while the S0→S1 absorption intensity of the new materials is 
diminished compared to the dicyano PDIs, it should be noted that the S0→S2 absorption of 
the new materials is also in the visible region of the spectrum. Fast internal conversion from 
the S2 to S1 state (Kasha‟s rule
80
) means that photons absorbed by this transition will 
contribute to the photocurrent in effectively the same way as photons absorbed in S0→S1 
transitions. The fact that these new materials possess two excitation transitions in the visible 
region compensates, to some extent, for the relative loss of absorption intensity compared to 
the dicyano PDIs. 
Comparison of Figure 3.2 (a) and Figure 3.2 (b) also shows that the imide substituent has 
little to no influence on the absorption profile of the PDI. This observation is in agreement 
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with prior literature, where it is attributed to the fact that the imide nitrogens are situated on a 
nodal plane of both the HOMO and LUMO levels of the PDIs.
3
 
 
3.2.2 Cyclic Voltammetry 
Cyclic voltammetry was used to estimate the LUMO levels of the new PDIs from the 
measured reduction potential. It is necessary to know the LUMO level in order to correctly 
match the PDI acceptor to an appropriate donor material. The depth of the LUMO level is 
also a guide to the ambient stability of the acceptor material.
16,50
 Cyclic voltammetry 
measures changes in current with voltage modulation over a period of time, in both an anodic 
and a cathodic direction.  
 
Figure 3.4: Example; cyclic voltammogram of 24a, dissolved in a solution of 0.1M TBAPF6, in CH2Cl2, measured at a scan 
rate of 25 mV/s, in the presence of a Fc/Fc+ internal reference.  
 
The cyclic voltammogram of 24a is given here as an example in Figure 3.4. On inspection it 
is revealed that the PDI undergoes two consecutive 1e
−
 reduction events. The voltammogram 
appears to show chemical reversibility. This should not be confused with electrochemical 
reversibility, which is based on the kinetics of electron transfer.  
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Chemical reversibility means that the concentration of the reduced species is either 
unchanged or only very slightly changed, before oxidation in the cathodic scan, i.e. side 
reactions from the reduced species are nonexistent or too slow to have an effect, within the 
timescale of the cyclic voltammetry experiment. This results in a cathodic peak current which 
is equal or close to that of the anodic peak current, as can be seen in Figure 3.4.  
The reduction potentials of the monocyano PDIs are summarised in Table 3.1, along with the 
values for the dicyano PDIs as a point of reference. The values given are the average of the 
potentials at the anodic and cathodic peak current of the PDI reduction vs. the average of the 
potentials at the anodic and cathodic peak current for the ferrocene oxidation. 
 
Table 3.1: Electronic Properties of Non-Symmetric Monocyano PDIs and Literature 
Dicyano PDIs Determined by Cyclic Voltammetry and UV-vis Spectroscopy 
Compound Ered1
a
 ELUMO
b
 EHOMO
c
 λmax
d
 Eopt 
22a −1.00 −3.80 −5.62 682 1.82 
22b −0.90 −3.90 −5.72 682 1.82 
22c −0.90 −3.90 −5.70 690 1.80 
23a −0.94 −3.86 −5.76 653 1.90 
23b −0.83 −3.97 −5.82 670 1.85 
24a −0.83 −3.97 −5.99 614 2.02 
24b −0.77 −4.03 −6.01 626 1.98 
25a −0.57 −4.23 −6.61 522 2.38 
25b −0.51 −4.29 −6.66 523 2.37 
  a First reduction potential (V) of cyclic voltammogram in a solution of 0.1 M TBAPF6 in CH2Cl2 vs. Fc
+/Fc internal 
reference. b ELUMO = −4.8 eV – Ered1. 
c Estimated from EHOMO = ELUMO – Eopt. 
d λmax of lowest energy transition of optical 
absorption spectrum in CH2Cl2. The HOMO levels are estimated indirectly as the first oxidation potential of these PDIs lies 
either too close to, or outside of the potential window of the CH2Cl2 solvent. This data was gathered with assistance from 
Caroline Chua, Imperial College Department of Chemistry Masters project student. 
 
Inspection of Table 3.1 reveals that the effect of the amine substitution on the Ered1 follows a 
similar trend to the UV-vis data i.e. the shift in reduction potential is correlated to the pKa 
values for the conjugate acids of the amine substituted (11.1, 10.9 and 9.2 for pyrrolidinium, 
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piperidinium and morpholinium respectively). The morpholinyl moiety has the smallest 
effect on the Ered1/LUMO level. Replacing a cyano moiety with a morpholinyl moiety raised 
the LUMO level by ca. 260 mV in both cases (comparing 23b with 25b, and 24a to 25a), 
whereas replacing a cyano moiety with a pyrrolidinyl moiety raises the LUMO level by ca. 
400 mV. Since the blue shift in the Eopt when comparing the morpholinyl moiety to the 
pyrrolidinyl and piperidinyl moieties is small (ca. 100-200 mV), and the absorption profile 
still covers a significant amount of the visible spectrum, the morpholinyl moiety stands out as 
the optimum substituent for obtaining PDIs with low band-gaps, when it is desirable to keep 
the LUMO as high as possible for stability reasons. 
Of the new materials synthesised, 24b, 23b and 24a stand out as the best candidates for air-
stable device function, as they have LUMO levels closest in energy to those of the dicyano 
PDIs 25a and 25b. As was discussed in Chapter 1, dicyano PDIs such as 25a and 25b are 
known to afford stable OFET function in air. The stability of these materials has been 
attributed to the fact that their Ered1 potentials are close enough to the water-oxygen redox 
couple (0.571 V vs. SCE at pH 7) to be protected by the overpotential. In a study on the 
ambient stability of PDI OFETs, Jones et al. suggest that the overpotential for O2 oxidation 
by PDI radical anions in the order of ca. 0.6 V.
16
 The same study found, however, that bay-
halogenated PDIs did not afford stable OFET function in air. The new PDIs 24b, 23b and 24a 
have reduction potentials closer to the halogenated PDIs studied by Jones et al. than to the 
dicyano PDIs, and so may not prove to be air-stable. The overpotential is not well defined for 
such materials though, and is likely to vary for each molecule, so the stability of the new 
materials cannot be known for certain without further testing, for example by testing 
performance of transistors made with these materials in air as was done by Jones et al.
16
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The effect of replacing alkyl with fluoroalkyl substituents at the imide positions on the Ered1 
ranges from 60-100 mV, though the scale of the effect appears to depend on the electron-
donating strength of the core substituents. Increasing the perfluoroalkyl chain length beyond 
4C has no effect on the Ered1 value.  
As was discussed in Chapter 1, PDIs bearing perfluoroalkyl groups at the imide positions 
have shown some degree of stability in previous literature, even when the difference between 
the reduction potentials of these materials and water-oxygen redox couple is greater than the 
0.6 V overpotential. This observation has been attributed to a denser packing of the PDIs 
bearing perfluoroalkyl imide substituents relative to those bearing alkyl substituents in the 
crystal structures, which provides a barrier to O2 and water penetration, thus slowing 
degradation. Since the amine moieties at the bay position also disrupt the packing of the 
PDIs, leading to more amorphous films, it is not obvious that a similar protection will apply 
to the new materials synthesised in this thesis. 
 
3.3 Morphological Properties 
3.3.1 Differential Scanning Calorimetry 
Differential scanning calorimetry (DSC) measures small differences in the amount of heat 
energy required to raise a sample of material to a given temperature compared to an empty 
sample pan. Phase transformations such as melting, crystallisation and the adoption of liquid 
crystal states can therefore be identified as either an increase or decrease in heat flowing 
through the sample, relative to the reference, depending on the nature of the transition.  
The DSC thermograms presented in this thesis are of the second heating cycle; the second 
scan shows transitions which are inherent to the material under study rather than those arising 
from pre-scan processing (thermal history).  
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The first scan is useful however, particularly when conducted on a solution-processed film, as 
the transitions observed here may be used as a guide to what annealing temperatures are 
likely to be of interest when optimising devices.  The DSC also allows highly accurate 
measurement of the melting point range. 
 
Figure 3.5: DSC heating, and subsequent cooling, thermograms of the n-octyl PDIs, synthesised by Method A: 22a (top), 
23a (middle), and 24a (bottom). The traces above are taken from the 2nd heating/cooling cycle, at a scan rate of 10 °C per 
min. The cooling scan of the cycle prior to those shown is identical to that in the figure. 
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Figure 3.5 shows the DSC thermograms for the PDIs with n-octyl substituents at the imide 
position. The scan of 22a shows only a broad melt with a peak at 211 °C. The 23a PDI also 
has a broad melt (also with a peak at 211 °C). The melt appears to overlap with another broad 
endothermic transition with a lower onset temperature; this may indicate the adoption of a 
liquid crystal state just prior to the melt, or it may be due to different crystal sizes with 
different melting points. The broad melting transitions observed are due to a combination of 
the greater sensitivity of DSC, compared to optical techniques for example, and also the fact 
that these materials are a mixture of regioisomers. In terms of morphological transitions the 
second regioisomer is an impurity, due to its different shape. 
The DSC trace of 24a is different to the other PDIs in the series. The melting point is lower 
(195 °C, peak) and, while the first two show a normal crystallisation from the melt, 24a does 
not. Instead an exothermic transition is observed at ca. 150 – 160 °C, this represents a „cold 
crystallisation‟ i.e. the isotropic state is quenched.81 This indicates that there is a large kinetic 
barrier to the crystallisation in this material. The peak is bimodal, suggesting that there may 
be a liquid crystal phase prior to the true crystallisation. There may also be a glass transition 
at ca. 112 °C though this transition is weak it would support the interpretation of the material 
being quenched in the amorphous state when cooled. The cold crystallisation transition is also 
observed in the first scan, this may be of use in the processing of devices. 
When a second batch of 24a was synthesised, it was found to have a different ratio of 
regioisomers, as estimated by 
1
H NMR spectroscopy. In Batch 1, the concentration of 1,6-
regioisomer was 36 %, while in Batch 2, the concentration of 1,6-regioisomer was only 16 %. 
The consequences of this difference on the morphology of the material can be observed in 
Figure 3.6: 
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Figure 3.6: Comparison of DSC thermograms for samples of 24a consisting of different regioisomer ratios: Batch 1 (dotted 
line) has a 24a† concentration of ca. 36 %. Batch 2 (solid line) has a 24a† concentration of ca. 36 %. Both samples were 
pure by 1H NMR, TLC and CHN-microanalysis. The thermograms shown are the heating scan of the second DSC cycle. 
Regioisomer concentrations were estimated by comparison of the aromatic peak integrations in the 1H NMR spectrum. 
 
The batch with a lower concentration of 1,6-regioisomer (Batch 2) crystallises normally from 
the melt, at the same scan rate. From this, it is inferred that the presence of the 1,6-
regioisomer increases the kinetic barrier to crystallisation.  
Due to its favourable electronic properties and the possibility of comparing crystalline with 
amorphous devices properties, 24a was selected for further study. The remainder of this 
chapter focuses on the blend properties of this material with the donor polymer PCDTBT (11) 
and the performance of this active layer blend in OPV devices under laboratory conditions. 
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3.4 Use of 24a in Organic Photovoltaics 
3.4.1 Choice of Donor Material 
The commercially available amorphous polymer 11 (PCDTBT, Figure 3.7), was chosen as 
donor material for initial investigations into the use of 24a as an acceptor in OPV devices.
82
  
 
Figure 3.7: Chemical structure of the amorphous p-channel polymer 11. 
 
 
Figure 3.8: Graphical representation of frontier molecular orbitals for a 24a:11 blend. 
 
The electronic properties of this material make it a good match with 24a as shown in Figure 
3.8. The HOMOD to LUMOA difference should be ca. 1.5 eV, based on literature values for 
the frontier molecular orbitals (FMO) of 11 and the cyclic voltammetry data for 24a 
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measured here. It is well known that this difference represents only the theoretical maximum 
experimental VOC value.
83
 If it is assumed that the same semi-empirical relationship observed 
in fullerene:polymer blends (VOC ≈ (1/e)(E
Donor
HOMO − EAcceptorLUMO) – 0.3 V) holds in 
this system,
83
 then a VOC in the region of 1-1.2 V can be expected. This is comparable to 
other systems using polymer 11.
82
 The LUMOD-LUMOA and HOMOD-HOMOA offsets are 
also both over 0.3 eV, this is also important because an energy difference of >0.3 eV between 
donor and acceptor FMOs been found to be a requirement to drive the separation of the 
charges from the charge transfer state at the heterojunction.
83,84
  
 
3.4.2 Properties of the 24a:11 Blend 
3.4.2.1 Thin-Film UV-Vis Spectroscopy and Photoluminescence Quenching (PLQ) 
When an exciton is formed after absorption of a photon by the active layer of an OPV device, 
one possible future for this entity is to decay by emission of a photon. This is 
photoluminescence (PL). If the exciton first reaches a heterojunction boundary then a charge 
transfer state may be formed, leading to (ideally) charge separation and photocurrent. The 
degree to which the photoluminescence drops when comparing the pristine donor (or 
acceptor) material to that of the blend is known as the photoluminescence quenching. It is 
important to know: 
a) That the acceptor (or donor) is capable of quenching the photoluminescence of the 
donor (or acceptor). 
b) The degree to which the photoluminescence is quenched. 
If the answer to a) is negative, then the blend will not give a photocurrent, and other blends 
should be investigated.  
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To investigate this, the emission spectra of thin-films of the pristine polymer and pristine PDI 
were compared to intermediate blends of the two materials. Photoluminescence spectroscopy 
is a steady-state technique. The sample is irradiated by a monochromatic light source to 
generate excitons, once illuminated a detector (in this case a photomultiplier tube) positioned 
orthogonal to the light source measures the amount of light emitted from the sample at a 
given wavelength. 
All spectra below are for blends of 24a from Batch 1, and so have a 1,6-regioisomer 
concentration of ca. 36 %. 
Before measuring the PL spectra of the films, it was necessary to measure the UV-vis 
absorption spectra, shown in Figure 3.9, in order to determine the correct excitation 
wavelength, and so that the PL spectra can be corrected for absorbance.  
 
Figure 3.9:  Thin-film absorption spectra of pristine 24a (green, double-dot-dashed line), pristine 11 (purple, solid line), 11 
blended with; 10% wt 24a (red, dashed line), 50% wt 24a (dark blue, dotted line) and 90% wt 24a (light blue, dot-dashed 
line). Films were spin-cast on glass microscope slides from a 10 mg/mL PhCl solution in air at 1000 rpm then air dried.  
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Inspection of Figure 3.9 reveals that the absorption profile is only very slightly red-shifted 
(ca. 10 - 20 nm) and broadened relative to its solution-phase spectrum, vindicating the earlier 
use of solution-phase data to estimate the Eopt. Polymer 11 displays a significant broadening 
of its absorption profile, relative to the solution-phase spectrum,
82
 as is typical for conjugated 
polymers. The result of this is that the absorption profiles of the two materials overlap 
significantly. 
In order to account for the fact that the different blend films absorb with a range of optical 
densities, the PL must be corrected for absorption: PLcorr = PL / (1 − 10
−Abs
). This allows the 
quenching effect to be separated from simply comparing differences in emission based on 
differing film absorption. The corrected PL spectra of the polymer emission and that of the 
PDI emission are presented in Figure 3.10 and Figure 3.11, respectively: 
 
Figure 3.10: Steady-state photoluminescence spectra, corrected for thin-film absorbance, for spin-cast films of polymer 11; 
as pristine polymer (solid line), with 10 % wt 24a (dotted line), with 50 % wt 24a (dashed line), and with 90 % wt 24a (dot-
dash line). The excitation wavelength for polymer emission was 576 nm.  
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Inspection of Figure 3.10 reveals that the PL of the donor polymer is almost totally quenched 
when blended with 24a acceptor, even if blended with very small quantities of the PDI.  
 
Figure 3.11: Steady-state photoluminescence spectra, corrected for absorbance, of 24a films; pristine PDI (solid line), with 
10 % wt 11 (dotted line), with 50 % wt 11 (dashed line), and with 90 % wt 11 (dot-dash line). The excitation wavelength was 
640 nm. 
 
Inspection of Figure 3.11 shows that emission from the PDI is also quenched when blended 
with 11, indicating that the PDI can indeed contribute to the photocurrent in an OPV device, 
when blended with this polymer. 
The findings, presented in Figure 3.10 and Figure 3.11, are promising, but it should be noted 
that efficient PLQ does not necessarily mean high photocurrent, though it is a prerequisite. 
There are numerous other ways in which excitons can be quenched, charge separation and 
collection is only one route. Therefore, the next step is to measure the properties of this active 
layer blend in a device setting. 
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3.4.3 OPV Device Studies of 24a with Polymer 11 
Devices were fabricated and tested by either Chaz Keiderling or Dr Pabitra Tuladhar, of the 
Durrant research group, Department of Chemistry, Imperial College London. 
 
3.4.3.1 Device Architecture 
Inverted device architecture was used for testing the device properties, as shown in Figure 
3.12. Both regular and inverted device architectures were investigated initially, however, the 
inverted architecture proved to be the more efficient so only these are discussed in this thesis. 
 
 
Figure 3.12: Schematic of the device architecture used in this thesis. Typical layer thicknesses are included in brackets.  The 
glass substrates were purchased pre-coated with the ITO transparent electrode, a zinc oxide layer was spin-coated onto the 
substrate at 8000 rpm and annealed for 30 min at 523 K, followed by spin-coating of the active layer, from a PhCl solution at 
2000 rpm, molybdenum oxide was evaporated onto the active layer, followed by the silver electrode, also by vacuum 
evaporation to complete the device. 
 
An added advantage of the inverted device architecture is that it necessitates the use of a 
higher work function (and therefore more stable) metal electrode. 
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3.4.3.2 Device Properties 
An active layer blend ratio of 1:4 by weight of 11 to 24a, was used for the all of the devices 
discussed below, as is common for devices using the amorphous polymer 11 as the donor.
82
 
Devices with a ratio of 1:2, 11 to 24a, were also tested, but found to give lower efficiencies; 
the highest efficiency device tested for a 1:2 blend ratio gave a PCE of 0.26 % (Jsc = 1.14 mA 
cm
−2
, Voc = 0.72 V, and FF = 0.31). The J-V curve (b) of Figure 3.13 is typical of the 
properties of the devices tested when this blend ratio is adopted.  
 
Figure 3.13: J-V curves comparing devices with an active layer blend of polymer 11 PCDTBT with (a) 25a (JSC = 0.50 mA 
cm−2, VOC = 0.30 V, FF = 0.35 a.u. and PCE = 0.05 %) and (b) 24a (JSC = 2.15 mA cm
−2, VOC = 0.78 V, FF = 0.38 a.u. and 
PCE = 0.64 %). 
 
As discussed in Chapter 1, the use of PDIs in BHJ type OPVs had, at the time this project 
was initiated, only been studied by a handful of groups (see Table 1.1).
45–49
 Shin et al. 
investigated four different PDIs, including the dipyrrolidinyl PDI 19e‡ and the dicyano PDI 
25e, as the acceptor component, in regular architecture devices, with P3HT (9) as the donor 
component.
49
 The inverted devices reported in this thesis using the dicyano PDI 25a give an 
-1.0 -0.5 0.0 0.5 1.0
-5
0
5
10
 
 
C
u
rr
e
n
t 
D
e
n
s
it
y
 /
m
A
c
m
-2
Voltage /V
 PDI CN
2
 PDI #89
PCDTBT:PDI BHJ Devices 1:4
C
u
rr
e
n
t D
e
n
si
ty
 /
 m
A
 c
m
-2
Volt   V
(a)
(b)
P a g e  | 72 
 
Chapter 3 
 
order of magnitude greater PCE than those reported by Shin et al. for 25e (0.05 % vs.0.005 
%). The higher efficiency most likely originates from an improved matching of both the 
donor polymer FMOs, and the cathode work function, to the FMOs of the dicyano PDI 
compared to the regular architecture devices studied by Shin et al..
49
 Despite the improved 
energy level matching, the dicyano PDI device shown in Figure 3.13 still displays poor 
device function, even compared to other PDI BHJ devices.  
Figure 3.13 shows that 24a (PCE 0.64 %) gives a marked improvement on the performance 
of the planar dicyano PDI 25a (PCE 0.05 %). The shape of the J-V curve of the 25a device 
(curve (a), Figure 3.13) between −1.0 V and −0.5 V, is indicative of „shunt resistance‟. Shunt 
resistance in OPVs is generally caused by large domains of one of the active layer materials 
bridging the two electrodes, creating a short circuit. This observation is in accordance with 
previous studies of OPVs with highly crystalline PDIs, and is believed to be one reason why 
PDIs devices can have such low efficiencies. The absence of such a feature in the J-V curve 
(b) of the 24a device is promising. Compared to those PDIs previously investigated in BHJ 
devices, summarised in Table 1.1 of Chapter 1, the 24a PDI gives higher PCE.
47–49
 
 
3.4.3.3 Investigation into the Effect of Regioisomer Ratio on Device Performance 
Devices were fabricated using samples of 24a with varying amounts of the 1,6-regioisomer 
24a†, using samples of Batch 1 (%24a† = 36 %), Batch 2 (%24a† = 16 %) and a 1:1 mixture 
of the two batches (%24a† = 27 %). Several devices were fabricated from each PDI sample, 
in all the devices tested there was little to no difference in the J-V characteristics and 
efficiencies of the devices, as shown in Figure 3.14: 
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Figure 3.14: Typical J-V characteristics of devices fabricated using samples of 24a with three different ratios of 1,6- (24a†) 
to 1,7- (24a‡) regioisomer: A = 36 % 24a†, B = 27 % 24a†, and C = 16 % 24a†. The % 24a† values are taken from the ratio 
of those aromatic singlets and doublets which did not overlap in the 1H NMR spectrum (400 MHz, CDCl3). Equivalent 
devices using the fullerene derivative 12 (PC70BM) as the acceptor were fabricated, and tested together with the PDI devices 
as a standard. Devices were fabricated as described in Figure 3.12, testing was carried out in air. 
 
 
The data summarised by Figure 3.14 shows that the presence of the minor regioisomer has 
little effect on the device performance, when the PDI is in the amorphous state. There may be 
some effect if the crystallisation observed in the DSC could be induced. In the early, initial 
device testing stage of this work, some devices were annealed after initially being tested „as-
cast‟. These devices were rendered completely inoperable by the thermal treatment and so 
comparison of the annealed and as-cast devices could not be tested this way. There are 
several possible explanations for this; for example, the annealing process may have damaged 
the contact between the active layer and electrodes, by de-wetting of the film, or by causing 
particles of the silver electrode to migrate into the active layer. A potential solution to this is 
to anneal the films before deposition of the molybdenum oxide and silver and it is the authors 
understanding that such tests will be carried out in the near future. 
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3.4.3.4 Investigation into the Disparity between PLQ and Efficiency 
Despite high PLQ, the device efficiencies are much lower than those observed for blends of 
12 with the same polymer. To investigate this, photoluminescence spectroscopy and transient 
absorption spectroscopy (TAS) were used to monitor exciton quenching and charge 
generation in both bulk heterojunction and bilayer devices. The data was compared to 
equivalent devices fabricated using 12 as the electron conducting semiconductor, as shown in 
Figure 3.15: 
 
Figure 3.15: Spectroscopic analysis of BHJ and bilayer devices. (a) Photoluminescence spectra (excitation λ = 570 nm) of 
the devices, from top to bottom: Pristine film of 11 (black), 12:11 bilayer (pink), 24a:11 bilayer (cyan), 24a:11 BHJ (blue), 
and 12:11 BHJ (purple). (b) Transient absorption spectra of the same films/devices (same colours, no pristine 11), pump 
frequency = 550 nm (11 absorption), probe frequency = 980 nm (cation of 11). 
 
The PLQ spectra in Figure 3.15 (a) show that 24a quenches the PCDTBT (11) excitons as 
efficiently as PC70BM (12), whether as part of a BHJ blends or bilayer. The TAS spectra in 
Figure 3.15 (b), however, show that the PC70BM (12) BHJ blend yields much more free 
cations in the micro- to millisecond timescale. There are two possible explanations for the 
lower concentration of cations observed in the 24a BHJ on this timescale. First, it is possible 
that charge transfer states at the D-A interface are unable to split into free charges, and the 
majority of these coulombically bound electron-hole pairs are recombining. Second, it is 
possible that the charges do separate but the rate of bimolecular recombination is faster than 
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can be observed on this timescale. Ultrafast TAS may be able to clarify this, since the second 
scenario should show PCDTBT (11) cation absorption in the faster timescale, whereas the 
first scenario should not. It is the understanding of the author that such measurements will be 
carried out in the near future.   
 
3.5 Chapter Summary 
In this chapter the electronic properties of the aminocyano PDIs synthesised in Chapter 2 
have been reported. It was shown that the morpholinyl moiety has the smallest effect on the 
LUMO level of the PDI, compared to the other amine substituents. It was also shown that 
substitution at the imide position with n-perfluoroalkyl rather than n-alkyl substituents leads 
to a LUMO that is ca. 50-100 mV deeper than the equivalent n-alkyl PDI. Such empirical 
observations may be of use in the design of future materials. 
The morphological properties of the n-octyl PDIs were investigated by DSC. It was shown 
that different ratios of the two regioisomers can lead to very different morphological 
properties. When the concentration of the 1,6- regioisomer was ca. 36 %, the PDI showed a 
cold crystallisation transition in the DSC, indicating a high kinetic barrier to crystallisation 
for this regioisomeric mixture. Attempts to make use of this in a device setting have thus far 
not been successful, however, more work still needs to be done to investigate this. 
The morpholinyl PDI 24a was selected for scale-up and further investigation. 
Photoluminescence spectroscopy on blend films of this PDI with the hole-conducting 
polymer 11 (PCDTBT) showed that this PDI quenched excitons generated in the polymer, 
satisfying a critical requirement for OPV function. It was also shown, by PL spectroscopy 
targeted at the PDI, that the PDI excitons were efficiently quenched by 11, thus 
demonstrating that the PDI can contribute to the photocurrent. 
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Inverted architecture organic photovoltaic devices using blends of 24a and 11 were fabricated 
and tested by Chaz Keiderling and Dr Pabitra Tuladhar of the Durrant Group. Power 
conversion efficiencies of up to 0.64 % have been observed when using 24a as the electron-
conducting component.  
It was shown that the concentration of the minor 1,6- regioisomer impurity has little to no 
effect on the device performance. 
Spectroscopic investigations conducted by Chaz Keiderling suggest that the PDI BHJ devices 
are either unable to efficiently convert coulombically bound charge transfer states into free 
charges or the pure domains in the blend are too small, leading to a high rate of bimolecular 
recombination of the free charges. Further spectroscopic work is currently being carried out 
to clarify the problem. 
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Kinetic Resolution of Dicyano  
Perylene Diimide Regioisomers 
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4.1 Chapter Introduction 
4.1.1 Regioisomerism of Bay-Disubstituted PDIs 
As has been discussed in Chapter 1 and in Chapter 2 of this thesis, bay-distubstituted 
perylene diimides are frequently found in two regioisomeric forms, as shown in Figure 4.1: 
 
Figure 4.1: The two regioisomers that disubstituted PDIs form. 
This situation arises from the low selectivity of the bromination reaction (Scheme 4.1) which 
is normally the first step in synthesising core-substituted PDIs.  
 
Scheme 4.1: Bromination of 1 by BASF patent procedure, leading to the regioisomeric mixture of the dibrominated 
dianhydride 3 and a small amount of the tribrominated impurity 4.7,14 
 
Würthner et al. showed in 2004
7
 that the bromination of the anhydride 1, as described by the 
BASF patent,
14
 does not selectively form the 1,7-regioisomer, as had been previously 
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thought, but gives the product dibromide as a regioisomeric mixture, with the 1,6-regioisomer 
representing ca. 20 % of the total. 
The bromination procedure described in the BASF patent, or some variation on it, is still the 
predominant starting point for the vast majority of synthesis of, and research into, PDI-type 
compounds.
14
 At the time of writing, no procedure giving greater selectivity has been 
presented. 
Since this discrepancy was highlighted by Würthner et al., there have been several attempts 
to remove the minor regioisomeric impurity: 
Würthner et al. performed repeated recrystallisation to obtain regioisomerically pure 14e‡, 
confirmed unequivocally to be the 1,7-regioisomer by a single crystal X-ray structure (Figure 
4.2):
7
 
 
Figure 4.2: PDI dibromides isolated as 1,7-regioisomers:14e‡ was isolated by Würthner et al.,7 14i‡ (R = dimethylpentyl) 
and 14g‡ (R = ethylpropyl) were  isolated by Rajasingh et al. using the same method. Isolation of regioisomerically pure 
samples was achieved by repeated recrystallisation. The structure of 14e‡ (R = Cyclohexyl), was confirmed to be the major 
regioisomer by Würthner et al. using X-ray crystallography.7 
 
Rajasingh et al. were able to replicate the separation described above to isolate regiopure 
samples of 14i‡ and 14g‡ (Figure 4.2).20 
As discussed in Chapter 2, chromatographic separation of PDI regioisomers was achieved for 
the PDIs shown in Figure 4.3 by Dubey et al., and by Dey et al. with a range of aryl- 
disubstituted PDIs.
25,31
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Figure 4.3: Disubstituted PDIs synthesised and separated by chromatography into regioisomerically pure samples of 1,6- 
and 1,7- regioisomer by Dubey et al..25 
 
In Chapter 2 of this thesis, chromatographic separation of the regioisomers 21a† and 21a‡ 
was also achieved, by repeated flash column chromatography. 
While these examples show that removal of the minor 1,6-regioisomer is possible, they share 
the common feature of large substituents which twist the PDI core. This makes the shape of 
the two regioisomers very different, and the purification more facile.  
The dicyano core-substituted PDIs (Figure 4.4) are an important class of PDIs for OFETs, 
and other organic electronics research.
2
 They are made attractive by their air stability and 
relatively high n-channel charge carrier mobility, both in ambient and inert 
atmospheres.
16,35,51,63
 
 
Figure 4.4: General structure of dicyano substituted PDIs (only 1,7-regioisomer shown). 
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The small, linear cyano substituent has very little effect on the overall shape of the PDI, as 
shown in Figure 4.5, making isolation of single regioisomer samples, by chromatography or 
recrystallisation, very difficult, perhaps impossible. This planarity is also the source of their 
high charge carrier mobility.
16
 
 
Figure 4.5: Showing the „solvent-accessible surface‟ representations, determined with ChemBio 3D, for structures of 1,6- 
(top) and 1,7- (bottom) regioisomers of 25f, viewed in three different orientations. Structures were optimised by DFT using 
the hybrid functional B3LYP with the 6-31G* basis set, the effect of CHCl3 solvation was modelled using a polarisable 
continuum model (IEF PCM). 
 
While purification of the dibromo precursor is a possible method to circumvent this problem; 
by removal of the minor isomer prior to the cyanodebromination reaction, such purification is 
itself both time, and labour, intensive. The yield of target regioisomer can also be low by this 
method; while Rajasingh et al. reported reasonably high yields of recovered 1,7-regioisomer, 
with ca. 66 % and 48 % of 14i‡ and 14g‡ respectively, Würthner et al. reported a target 
isomer recovery of only ca. 28 %.
7,20
 PDIs with other substituents at the imide position may 
also prove more resistant to this method. 
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It was also shown in Chapter 2 (section 2.5.2, page 47) of this thesis that the PDI core is 
susceptible to C-H activation and migration by palladium catalysts, so a regioisomerically 
pure dibromide would not necessarily lead to a regioisomerically pure product. As the 
substituent migration arises from the topography of the perylene bay region, and other metals 
are also capable of aromatic C-H activation, it is unlikely that this problem is confined to the 
use of palladium as the catalyst.  
A method of removing the minor regioisomer impurity, which could be applied to any 
dicyano PDI, would allow further, rigorous investigations into the effect that the presence of 
the minor regioisomer has on the properties of the material, including device performance. 
During investigations involving the dicyano core-substituted PDIs; 25a, 25b and 25d for this 
thesis, it was discovered that these PDIs react with secondary amines to give stable green 
products. Such a reaction was unexpected and warranted further investigation, which 
revealed that these reactions occur with kinetic resolution
i
 of the dicyano regioisomers. 
The remainder of this chapter will outline how the discovery was made, the characterisation 
of regioisomerically pure dicyano 25a, characterisation of the green product, and the 
elucidation of its structure from a selection of possible structural isomers. 
  
                                                          
i
 While kinetic resolution normally relates to enantiomeric mixtures,
41
 it is used here however to simply 
describe the resolution of regioisomers; the mechanism is the same. It should be stressed, to avoid confusion, 
that the chirality of the disubstituted PDIs (both isomers having C2 symmetry), is not what is under study here. 
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4.1.2 Initial Observations 
The reaction was first observed with 25d in a test reaction. The unexpected green product, 
when isolated, gave a 
1
H NMR spectrum with ten chemical shifts in the aromatic region (4 
doublets and 6 singlets), and several multiplets in the range δ 1 – 5 ppm, which is typical of a 
cyclic amine bound to a complex aromatic group. MALDI mass spectrometry of the sample 
gave a single molecular ion cluster, with an m/z of 1014 Da. This corresponds to a reaction of 
two regioisomers, with the pyrrolidine binding to the PDI core, such as the structures shown 
in Figure 4.6: 
 
Figure 4.6: 1H NMR (400 MHz, CDCl3) spectrum of the green products isolated from the reaction of 25d with pyrrolidine. 
 
Further small scale test reactions found piperidine to be a better choice of amine, as its lower 
reactivity allowed the reaction to be more easily controlled and monitored. The low solubility 
of 25d made it a poor candidate for further investigations into this reaction, so the focus was 
switched to the more soluble 25a. The reaction of 25a with piperidine, and the use of this 
reaction for the kinetic resolution of 25a will be the focus of this chapter.  
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4.2 Monitoring the Kinetic Resolution 
In order to determine the origin of the kinetic resolution, and indeed confirm the effect; a 
chloroform solution of 25a was stirred in air with piperidine. The concentration of piperidine 
was chosen so that the reaction proceeded slowly enough to allow the reaction to be 
monitored by 
1
H NMR analysis of quenched samples taken from the reaction mixture. The 
results of this are shown in Figure 4.7: 
 
Figure 4.7: Aromatic regions of 1H NMR (400 MHz, CDCl3) spectra, following the progress of the reaction of 25a with 
piperidine. From bottom to top: (a) pure 25a (as a mixture of regioisomers in a ratio of 25a†:25a‡ = 29:71) before the 
reaction. (b) Reaction time (t) = 5 min. (c) t = 95 min. (d) t = 185 min. (e) t = 275 min, after this sample taken, the 
concentration of piperidine was doubled. (f) t = 320 min. (g) t = 380 min. (h) t = 440 min. (i) t = 500 min. (j) t = 18 h. 
Samples of ca. 0.2 mL were added to ethyl acetate and quenched with 1 M HCl (aq), before drying over MgSO4, removal of 
solvents under reduced pressure and dissolving in CDCl3. The star (*) highlights the chemical shift corresponding to the 
aromatic singlet of the 1,6-regioisomer 25a†, the double-star (**) highlights the chemical shift corresponding to the aromatic 
singlet of the 1,7-regioisomer 25a‡.  
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Inspection of Figure 4.7 reveals that the 1,6-regioisomer 25a† does indeed react much more 
readily with the piperidine than the 1,7-regioisomer 25a‡, allowing kinetic resolution of the 
regioisomers.  
The chemical shift corresponding to the aromatic singlet of the 1,6-regioisomer 25a† (peak 
marked with a „*‟ in Figure 4.7) at δ 9.05 ppm can be seen to diminish, until it has 
completely disappeared after ca. 275 min. After this point the remaining dicyano PDI is 
regioisomerically pure 25a‡. In spectrum (c) an aromatic doublet begins to emerge at 
δ 9.46 ppm, corresponding to the 1,6-regioisomeric product. Much later, in spectrum (e), 
another aromatic doublet at δ 9.35 ppm is observed, this corresponds to the 1,7-regioisomeric 
product. When the reaction is complete, the ratio of the integrals of these two chemical shifts 
matches the initial ratio of the dicyano regioisomers (ca. 71:29 25a‡:25a†). 
As the procedure involved quenching the samples before analysis, Figure 4.7 also confirms 
that resolution derives from a difference in the rates of forward reaction, rather than a 
difference in the stability of the products (i.e. the 1,7-product more readily converting back to 
25a‡ on quenching). This could not have been known for certain before this experiment was 
conducted. The reaction can therefore be summarised as shown in Scheme 4.2. 
 
Scheme 4.2: Reaction summary for the synthesis of the stable green products. R = CH2(CH2)6CH3. 
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4.2.1 Use of the Reaction to Obtain Regioisomerically Pure 25a‡ 
Kinetic resolution of a 25a sample, with an initial 25a†:25a‡ ratio of 29:71, by reaction with 
piperidine and monitoring by 
1
H NMR (Figure 4.8), afforded regioisomerically pure 25a‡ in 
a yield of 66 %.ii It also afforded 26a, as a mixture of regioisomers, with a ratio of 26a†:26a‡ 
of ca. 7:3 (this is the reverse of the starting material isomer ratio). Comparing the integration 
value of the aromatic doublet of 25a‡ at δ 9.70 ppm to the integration value of the aromatic 
doublet of 26a‡ at δ 9.35 ppm, reveals that only ca. 9 % of the 1,7- dicyano regioisomer was 
converted. Further optimisation of the post-reaction purification could, therefore, lead to a 
kinetic resolution yield for the 1,7-regioisomer of up to 91 %. 
 
Figure 4.8: 1H NMR (400 MHz, CDCl3) spectra of samples taken from the kinetic resolution reaction. From bottom to top: 
(a) Pure 25a (with an initial regioisomer ratio of 25a‡:25a† of ca. 71:29). (b)  Reaction time (t) = 5 min. (c) t = 75 min. (d) t 
= 135 min. (e) t = 185 min. (f) t = 235 min. The star (*) highlights the chemical shift corresponding to the aromatic singlet of 
the 1,6-regioisomer25a†, the double-star (**) highlights the chemical shift which corresponds to the aromatic singlet of the 
1,7-regioisomer 25a‡.  
 
                                                          
ii Based on: Initial № mol of 25a‡  = 7/10 × (№ mol of 25a) 
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The final 
1
H NMR spectrum of purified 25a‡ is shown in Figure 4.9. The regioisomeric 
purity of the sample is demonstrated by the absence of the aromatic proton chemical shifts 
corresponding to the minor isomer 25a†, which would normally appear at δ 9.71 (d), δ 9.03 
(s) and δ 8.85 (d). 
 
Figure 4.9: 1H NMR (400 MHz, CDCl3) spectrum of regiopure 25a‡, after kinetic resolution of 25a as a regioisomeric 
mixture by reaction with piperidine. Red arrows indicate where the 1,6- regioisomer would appear in the mixture. 
 
While the absence of the chemical shifts corresponding to the minor regioisomer, as seen in 
Figure 4.9, confirm the regioisomeric purity of the sample, within the sensitivity limits of 
1
H 
NMR spectroscopy (ca. ±5 %), the assignment of the remaining, major regioisomer as 25a‡ 
is based on the assumption that the major isomer is always the 1,7-regioisomer. To 
unambiguously confirm this, the spectroscopic technique adapted in Chapter 2, for the 
assignment of the regioisomers 21a† and 21a‡, was used again. 
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The 1,6-regioisomer and 1,7-regioisomer of PDIs with two identical bay substituents can be 
differentiated by comparing the chemical shifts of the 1ʹ protons of the two imide 
substituents. Both imides are chemically equivalent in a 1,7-regioisomer, while in the 1,6-
regioisomer the two imides are chemically inequivalent. Decoupling the 2ʹ chemical shift 
with a radio frequency pulse (centred on ca. 1.70 ppm) further clarifies the situation, as 
shown in Figure 4.10: 
 
Figure 4.10: Comparison of the spectra of the regioisomerically pure product 25a‡ and the original mixture 25a, in the 
frequency range corresponding to the octyl chain chemical shifts, including the selectively decoupled spectra. (a) 
Regioisomeric mixture 25a spectrum. (b) Selectively decoupled spectrum of the regioisomeric mixture 25a, the three 
overlapping singlets at ca. δ 4.22 ppm are expected for a mixture of 1,6- and 1,7-regioisomer, the sum of the integrals of the 
two smaller shifts vs. the integral of the large central shift match the regioisomer ratio. (c) Spectrum of 25a‡. (d) Selectively 
decoupled spectrum of 25a‡, the fact that the chemical shift at δ 4.22 ppm is a singlet confirms the regioisomerically pure 
sample to be the 1,7-regioisomer 25a‡. 
 
Inspection of Figure 4.10 confirms unequivocally that the regioisomerically pure PDI 
recovered from the kinetic resolution reaction is 25a‡, as in the decoupled spectrum (d) the 1ʹ 
protons give a single sharp singlet.   
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4.3 X-ray Crystal Structures and Packing: Regioisomerically Pure 
25a‡ vs. Original Mixture of Regioisomers 
Crystal structures of the regioisomerically pure 25a‡ (Figure 4.11), and the original 25a 
regioisomeric mixture (Figure 4.12), were determined by X-ray crystallographic analysis of 
crystals grown by slow n-hexane vapour diffusion into sub-saturated toluene solutions of the 
PDI. 
 
 
Figure 4.11: X-ray crystal structure of regioisomerically pure 25a‡. Crystals were grown by slow diffusion of n-hexane 
vapour, into a sub-saturated solution of the PDI in toluene, at ca. 298 K, over several days. Full data is included in the 
Appendix (section 8.3.1, page 193) 
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Figure 4.12: X-ray crystal structure of the regioisomeric mixture 25a. Crystals were grown by slow diffusion of n-hexane 
vapour into a sub-saturated solution of the PDI in toluene, at ca. 298 K, over several days. Full data is included in the 
Appendix (section 8.3.2, page 197) 
 
Comparison of the X-ray crystal structures of the regioisomerically pure 25a‡ (Figure 4.11) 
and the regioisomeric mixture 25a (Figure 4.12), confirms both the regioisomeric purity of 
the kinetically resolved PDI, and the assignment of this regioisomer as 25a‡. It was found 
that the CN groups in the crystals of 25a regioisomeric mixture are disordered in a ca. 71:29 
ratio; this matches the regioisomer ratio determined by 
1
H NMR analysis.  
The other significant difference in the two crystal structures in seen in the octyl chains; while 
all of the carbons in the octyl chains on the PDI in Figure 4.11 (25a‡) are in the anti 
conformation, relative to each other, in the structure grown from the regioisomeric mixture 
the chains are „kinked‟, with C17 being gauche to C16. This may be an effect of the presence 
of 25a† in the crystal disrupting the regular packing to some extent. 
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Figure 4.13: Packing of PDIs in the crystal of (a) the regioisomeric mixture (ratio of 25a‡:25a† ≈ 71:29) and (b) the crystal 
of regioisomerically pure 25a†. Three orientations are shown for each: Packing viewed along the a-edge of the unit cell 
(bottom). Packing viewed along the short axis of the PDIs (top left). Packing viewed from perpendicular to the plane of the 
PDI core (top right).  
 
Figure 4.13 shows how the molecular packing differs when crystals are grown from the 
regioisomeric mixture (part (b) of Figure 4.13) and when grown from regioisomerically pure 
25a‡. In both cases the PDI aromatic cores stack cofacially in a „slip-stacked‟ packing motif, 
typical of many planar PDIs. The π-π contact for this stacking is closer (3.377 Å vs. 3.405 Å, 
respectively) in the regioisomerically pure crystal than in that of the mixture. The distance 
between equivalent carbons of the PDI core is also shorter in the structure of the 
regioisomerically pure crystal (4.871 Å vs. 4.946 Å, respectively). This indicates a greater 
degree of overlap of the aromatic cores in the regioisomerically pure 25a‡ crystal structure.  
4.946 Å
4.871 Å
b)
a)
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The octyl chain configuration and packing is where the two crystal structures differ most. The 
configuration of the alkyl chains shown in Figure 4.13 (a) is the same that observed by Liscio 
et al. in 2012, where the crystal structure, determined by a novel powder diffraction method, 
also showed the same twisted configuration and interchain packing motif.
85
 The octyl chain 
configuration in Figure 4.13 (b), however, is similar to the interdigitated „all-trans‟ 
configuration predicted computationally by Rivnay et al. in 2009.
86
  
The packing structure observed by Liscio et al. was determined from powder diffraction 
methods on bulk samples of commercially sourced 25a, which is sold as a regioisomeric 
mixture.
72,85
 The computational method used by Rivnay et al. to calculate the packing 
structure assumes regioisomerically pure 25a‡. Considered in the light of the structures 
reported in this thesis, the disparity between the optimal calculated packing motif and the 
observed motif can be seen as resulting from the presence of the 25a† regioisomer. The 
presence of the minor regioisomer acts to disrupt the optimal packing of the PDIs, as seen in 
Figure 4.13 (b) and calculated by Rivnay et al., leading to the packing motif seen in Figure 
4.13 (a) and also observed by Liscio et al..
85,86
  
In their 2007 study of PDI transistors, including the dicyano PDIs 25a and 25b, Jones et al. 
make note of the presence of the 1,6-regioisomer impurities and the extreme difficulty of 
their removal.
16
 The authors reported that regioisomerically pure samples could not be 
obtained to test the effect of the impurity, but noted that the two regioisomers of 25b co-
crystallised, and postulated that the effect may thus be minimal.
16
 In this chapter it has been 
shown that the co-crystallised packing structure and the regioisomerically pure packing are 
not identical. As such, the effect of the regioisomeric impurity should not be discounted and 
warrants further investigation. 
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4.4 Determination of the Reaction Product Structure 
It has been assumed until this point that the green product 26a is made up of the 
regioisomeric structures 26a†-P7  and 26a‡-P6 shown in Figure 4.14. There are, however, 
several potential products that could result from the reaction 25a with piperidine, the three 
most likely, based on characterisation data, are shown in Figure 4.14: 
 
Figure 4.14: Potential products from the kinetic resolution reaction of dicyano PDIs with piperidine (R = CH2(CH2)6CH3). 
 
Figure 4.15 shows the 
1
H NMR spectrum of a regioisomerically pure sample of the green 
product formed by reaction of 25a‡ with piperidine. All of the structures shown in 
Figure 4.14 are expected to generate a similar spectrum; a pattern of three singlets and two 
doublets in the aromatic region of a 
1
H NMR spectrum.  
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Figure 4.15: 1H NMR spectrum (400 MHz, CDCl3) of the stable green product from the reaction of regioisomerically pure 
25a‡ with piperidine. 
 
The IR spectrum may favour the cyclic amidine structures 26a†-A and 26a‡-A, as only one 
absorption peak is observed in the C≡N stretching region (ca. 2200 to 2300 cm-1). It is 
possible for the signals to overlap though, so the presence of only one signal is not 
conclusive. The IR data is supported by the fact that there is some precedent in the literature 
for expansion of the PDI core by oxidative cyclisation, leading to structures similar to that of 
the cyclic amidines 26a†-A and 26a‡-A.29,87,88 
 
In order to confidently assign the structures of the green products of the kinetic resolution 
reaction, the experimental UV-vis and 
1
H NMR spectra were compared to properties 
calculated for each potential structural isomer, using modern computational chemistry 
techniques, the details and results of which will now be discussed. 
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4.4.1 Evaluation of Possible Structural Isomers Part 1: 1H NMR vs. GIAO 
In this section experimentally observed chemical shifts, in the aromatic region of the 
spectrum, are compared to chemical shifts calculated for each potential structure using the 
Gauge Independent Atomic Orbitals (GIAO) method of calculating magnetic shielding 
tensors. 
All of the calculations in this section (Part 1) were performed by Dr Nick Evans; the 
experimental data was obtained by the author. 
There are numerous considerations to be made when predicting chemical shifts by quantum 
chemical methods;
89
 how these considerations were addressed is detailed and discussed more 
fully in the Appendix (section 8.1.1, page 176). Briefly, it is necessary to:
89
 
 Select an appropriate computational method, functional and basis set. 
 Account for solvent effects. 
 Account for conformational and rotational mobility. 
 Choose an appropriate model system to determine the scaling factor by linear 
regression. 
The method used for calculating the chemical shifts was GIAO, with the hybrid functional 
WP04 and the cc-PVDZ basis set.
90
 Solvent effects were accounted for by using a self 
consistent reaction field.
90
 The conformational and rotational mobility was accounted for by 
calculating the chemical shifts of as many stable conformers as could be found.
89,90
 The 
average calculated (scaled) chemical shift was estimated by summing the Boltzmann 
weighted chemical shifts of each conformational and rotational variant calculated.
89,90
 In 
order to minimise the effect of systematic errors, the calculated chemical shifts were scaled 
using scaling factor determined from linear regression by least-squares of the calculated 
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aromatic region chemical shifts of 25f† and experimental aromatic region chemical shifts of 
25a†, as described in the Appendix (section 8.1.1.7, page 184).89,90 
Frequency-selective 1D rotating frame nuclear Overhauser effect Spectroscopy (ROESy) was 
used to determine which experimental chemical shift corresponds to the aromatic proton 
nearest to the piperidinyl moiety of compound 26a, as shown in Figure 4.16: 
 
Figure 4.16: Aromatic and imide/amine regions of the 1H NMR (500 MHz, CDCl3) spectrum (a) of a regioisomeric mixture 
of the green products (26a, Experimental Section 7.3.4, page 164), and the 1D selective ROESy spectrum (b) of the same 
regions; showing only NOE interactions to the protons excited. The excitation was centred on 4.34 ppm, thus exciting some 
of the methylene protons of the piperidinyl moiety. ROESy spectrum (b) shows that the chemical shifts at ca. 8.64 ppm and 
8.69 ppm are the protons nearest to the piperidinyl substituent for the 1,6-regioisomer (†) and the 1,7-regioisomer (‡) 
respectively, as these are the only protons close enough to experience NOE to the protons of the piperidinyl moiety. 
Selective 1D ROESy experiments focussed on other chemical shifts corresponding to protons on the piperidinyl moiety 
either showed a weaker NOE to the same aromatic chemical shifts as in spectrum (b), or no NOE at all. 
 
The ROESy data in Figure 4.16 shows that the broad singlets (s, br) at ca. δ 8.64 ppm (†) and 
δ 8.69 ppm (‡), correspond to the aromatic protons closest to the piperidinyl moiety. The 
remaining two sets of experimental doublet and singlet chemical shifts are compared to 
whichever chemical shift, of matching multiplicity, gives the closest fit of experimental to 
calculated data, for each potential structure. The results of these comparisons are summarised 
in Figure 4.17, for the potential 1,6-regioisomeric products, and in Figure 4.18 for the 
potential 1,7-regioisomeric products. 
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Figure 4.17: Chart comparing the calculated chemical shifts of the potential structures, formed by reaction of 25a† with 
piperidine, against the experimentally observed 1H NMR chemical shifts (solid green squares). The calculated chemical shift 
data is presented as follows: 26a†-P7  (black); conformers = small solid diamonds, average chemical shift = large hollow 
diamonds. 26a†-P8 (purple); conformers = small solid circles, average chemical shift = large hollow circles. 26a†-A (red): 
conformers = small solid triangles, average chemical shift = large hollow triangles. The average chemical shifts for each 
potential structure is estimated from the sum of the chemical shifts of each conformer multiplied by their respective 
Boltzmann factors. The Boltzmann distributions are estimated from the relative calculated SCF energies of the conformers. 
Each calculated chemical shift is compared to the experimental chemical shift, of equal multiplicity, which gives the best fit, 
allowing for the fact that the broad singlet at 8.64 ppm must always be the proton nearest to the piperidinyl moiety as shown 
by selective 1D ROESy, and illustrated here by the inset structures. The data summarised here is presented numerically in 
Table 8.1 and Table 8.3 in section 8.1.3 (page 186) of the Appendix. 
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Figure 4.18: Chart comparing the calculated chemical shifts of the potential structures, formed by reaction of 25a‡ with 
piperidine, against the experimentally observed 1H NMR chemical shifts (solid green squares). The calculated chemical shift 
data is presented as follows: 26a‡-P6 (black); conformers = small solid diamonds, average chemical shift = large hollow 
diamonds. 26a‡-P5 (purple); conformers = small solid circles, average chemical shift = large hollow circles. 26a‡-A (red): 
conformers = small solid triangles, average chemical shift = large hollow triangles. The average chemical shifts for each 
potential structure is estimated from the sum of the chemical shifts of each conformer multiplied by their respective 
Boltzmann factors. The Boltzmann distributions are estimated from the relative calculated SCF energies of the conformers. 
Each calculated chemical shift is compared to the experimental chemical shift, of equal multiplicity, which gives the best fit, 
allowing for the fact that the broad singlet at 8.69 ppm must always be the proton nearest to the piperidinyl moiety as shown 
by selective 1D ROESy, and illustrated here by the inset structures. The data summarised here is presented numerically in 
Table 8.2 and Table 8.4 in section 8.1.3 (page 186) of the Appendix. 
 
Figure 4.17 and Figure 4.18 both show that the potential structures where the piperidinyl 
moiety is attached at the bay region, 26a†-P7  and 26a‡-P6, give the best fit with 
experimental data. The potential structures with the calculated chemical shifts that most 
poorly match the experimental chemical shifts are the cyclic amidine structures 26a†-A and 
26a‡-A. 
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4.4.2 Evaluation of Possible Structural Isomers Part 2: UV-Vis vs. TD-DFT 
All calculations in this section (Part 2) were performed by the author; the experimental data 
was also obtained by the author. The method used here for the deconvolution  of the 
experimental UV-vis spectrum is described in detail by Evans and White.
91
 
4.4.2.1 Initial Considerations 
In order to correctly compare the experimental UV-vis absorption properties to the values 
calculated for the potential structures, it was first necessary to obtain a regioisomerically pure 
sample of the green product. This was achieved by reacting a sample of the regioisomerically 
pure 25a‡, with piperidine, using the previously established methodology, to give 
regioisomerically pure 26a‡ (35 %), the 1H NMR spectrum of this sample is shown in Figure 
4.15.  The products from the reaction of 25a† with piperidine are not considered in this 
section, as regioisomerically pure samples could not be obtained for comparison with the TD-
DFT data. 
As has been noted in Chapter 2 of this thesis, the cyclic secondary amines and their 
compounds can adopt several conformers. The absorptions from all of these conformers, 
weighted depending on their relative populations, will all contribute to the total observed 
absorption profile when a UV-vis spectrum is recorded. The conformers and their relative 
populations are discussed in greater detail in the Appendix section on computing 
1
H NMR 
chemical shifts (section 8.1.1.5, page 177), where it is of greater significance. To make some 
account of this situation, the absorption properties of the two principle conformers of each 
potential structure were calculated.  
Density functional theory (DFT) was used for all calculations, using Gaussian09. The two 
main conformers of each structural isomer were optimised using the hybrid functional 
B3LYP with the 6-31G* basis set. Optimisations were performed in the (dichloromethane) 
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solution phase using the integrated equation formalism (IEF) of the polarisable continuum 
model (PCM). To save on computation cost, the n-octyl substituents at the imide position 
were replaced with methyl substituents. The absence of imaginary frequencies amongst the 
calculated vibrational frequencies confirmed the optimised structures to be true energy 
minima.  
4.4.2.2 Deconvoluted Experimental UV-vis Spectrum vs. TD-DFT Data – Results  
The experimental absorption spectrum was deconvoluted by modelling the vibronic 
transitions as Gaussian functions; to find the vibrational ground to ground excitation energy 
(ν 0-0), and to estimate the experimental oscillator strength. It was found that three Gaussian 
functions (vibronic transitions) were sufficient to recreate the experimental absorption 
spectrum, as shown in Figure 4.19. Full details on the deconvolution can be found in the 
Appendix (section 8.2.1, page 190). The relevant experimental values for comparison with 
the computational data are shown in Table 4.1. 
 
Figure 4.19: Deconvolution of the first electronic excitation in the experimental UV-vis spectrum. Showing: The 
experimental absorption spectrum (solid pink line). Gaussian distributions representing; the first vibronic transition (dotted 
purple line), the second vibronic transition (dashed red line), and the third vibronic transition (dot-dashed green line). The 
sum of the three Gaussians (long-dashed black line), which gives a good fit to the experimental spectrum. The experimental 
ν 0-0 energy is taken from the energy at maximum absorption of the first Gaussian distribution (dotted purple line). The 
experimental oscillator strength (f) is estimated from the sum of the areas under each Gaussian. 
P a g e  | 101 
 
Chapter 4 
 
 
The first electronic transitions for each conformer were calculated by TD-DFT using the 
hybrid functional B3LYP with the 6-31-G* basis set in both the gas and solution phases. The 
results for the solution phase TD-DFT calculations are summarised in Table 4.2. 
Table 4.1: Experimental Absorption Properties 
a
 
Experiment 
λmax / nm ν max / cm
−1
 εmax / L cm
-1
 mol
-1
 ν 0-0 / cm
−1
 f 
717 14,000 19,900 13,800 0.22 
a For the transition from the electronic ground state to the first singlet excited state, taken from a solution of the 
regioisomerically pure (1,7-regioisomeric) green product in DCM. 
 
Table 4.2: Calculated Absorption Properties for Each Potential Product 
a
 
Structure Conformer (Ni / N) 
b
  
TD-DFT (solution phase) 
 
ν 0-0 / cm
−1
 % Difference 
c
 f 
d
 
26a‡-P5 
Equatorial (32) 
 
15,400 12.1% 0.11 
Axial (68) 
 
15,700 13.8% 0.11 
26a‡-P6 
Equatorial (12) 
 
14,100 2.8% 0.29 
Axial (88) 
 
14,500 5.2% 0.33 
26a‡-A 
Axial (32) 
 
15,900 15.6% 0.22 
Equatorial (68) 
 
16,800 22.2% 0.24 
a Transitions from the electronic ground state to the first singlet excited state calculated by TD-DFT, using the B3LYP level 
of theory and 6-31G* basis set. The solvent (DCM) effects are accounted for using the polarisable continuum model. b The 
values in parenthesis are relative Boltzmann distributions of the two chair conformers that arise from the two chair 
conformations of the piperidinyl, „twist‟ conformers and rotamers were not investigated here. c Energy difference between  
calculated and experimental  ν 0-0, as a % of the experimental ν 0-0 transition energy. d Calculated transition intensity given 
by oscillator strength. 
 
Comparison of the calculated ν 0-0 energies in Table 4.2, to the experimentally observed ν 0-0 
energy in Table 4.1, shows that 26a‡-P6 gives the best fit, of the potential structures, to the 
absorption properties of the green product formed by reaction of 25a‡ with piperidine; the 
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difference between its major conformer and experiment, expressed as a percentage of the 
experimental energy, was only 5.2 %, compared to 13.8 % for the major conformer of 26a‡-
P5 and 22.2 % for the cyclic amidine structure 26a‡-A. Comparison of the minor conformers 
leads to the same conclusion. 
Gas phase TD-DFT was also investigated (Appendix, section 8.2, Table 8.5, page 192), and 
also suggests that 26a‡-P6 is the correct structure assignment for the 1,7-regioisomer of the 
green product 26a; but the excitation energies calculated in the gas phase were even more 
blue-shifted, relative to the experimental excitation energy, than those from the solution 
phase calculations. The strong effect of the solvent model on the excitation energy indicates 
that the excitation is solvatochromic; the polarisable dielectric of the solvent model stabilises 
the polar excited state, reducing the excitation energy. Such solvatochromism is typical of 
excitations which involve a strong degree of „charge transfer‟ character.  
It is well known that TD-DFT struggles to accurately model vertical electronic excitations 
involving a large degree of „charge transfer‟.92–94 The solvatochromism indicated by the 
comparison of gas-phase to solution-phase TD-DFT explains, in part, why none of the 
structures give a good match to the experimental excitation energy. This has been observed 
previously with other PDIs that have amine moieties at the bay positions.
40
 
Several studies have previously compared TD-DFT, at the B3LYP level of theory, to 
experimentally observed transition energy, across a reasonably broad range of PDI 
molecules.
40,95–97
 These studies showed a similar level of agreement between calculated and 
experimental data (e.g. a blue-shift vs. the experimental excitation energy  ranging from ca. 
+ 1-10 % of the experimental value), to that observed in this thesis for the calculated 
excitation energy for 26a‡-P6, supporting the use of this method to evaluate the potential 
structures.
40,95–97
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Comparing the experimentally observed oscillator strength (f) (Table 4.1) to the calculated 
oscillator strengths (Table 4.2) suggests that the amidine structure 26a‡-A is actually the best 
match; however, it is already known that calculating electronic transitions at the hybrid 
functional B3LYP level of theory tends to overestimate, or underestimate, the oscillator 
strength, depending on the type of molecule. It has been found within a particular class of 
blue dyes, for example, that the calculated oscillator strengths, using the same level of theory, 
were overestimated in proportion to the experimental values across the series, so it was 
possible to determine an appropriate scaling factor.
91
 In light of this, the calculated transition 
energy is taken, in this thesis, to be the more reliable comparison. 
These results are in accordance with findings reported in Part 1 of this section; involving 
GIAO vs. 
1
H NMR comparisons, and combined with those results, allow confident 
assignment of the structures of the two regioisomeric products formed by the reaction of 25a† 
and 25a‡ with piperidine; as 26a†-P7  and 26a‡-P6 respectively. 
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4.5 Chapter Summary 
The initially observed kinetic resolution has been confirmed, by rigorous monitoring of the 
reaction of the dicyano PDI 25a with the secondary amine piperidine. A protocol has been 
established for the kinetic resolution of regioisomeric mixtures of dicyano PDIs, into 
regioisomerically pure samples of the 1,7-regioisomer, in good yields, using mild, 
controllable conditions. 
The regioisomeric purity and the identity of the recovered dicyano PDI was confirmed using 
a combination of spectroscopic techniques and X-ray crystallography, and the effect of 
removing the minor regioisomer noted by comparison of the regioisomerically pure crystal 
structure to that of the mixture.  
The effect of removing the minor regioisomer on the device performance of OFETs using 
25a as the organic semiconductor component will be investigated in Chapter 5. 
The structures of the regioisomeric products of the reaction, 26a† and 26a‡, have been 
elucidated with confidence using a combination of spectroscopic techniques and modern 
computational chemistry. 
The trisubsubstituted products of the reaction of dicyano PDIs with secondary amines 
represent an as yet unreported class of PDI. In Chapter 5, the properties of these materials 
will be further investigated, in the context of a possible application in organic electronics. 
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Organic Field-Effect Transistors   
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5.1 Chapter Introduction 
5.1.1 Organic Field-Effect Transistors 
The organic electronics application in which PDIs have enjoyed the greatest success so far is 
organic field-effect transistors (OFET), where they are commonly used as a model system to 
investigate the function of such devices, and PDI OFETs also show promise toward real 
world applications.
4
 
Organic field-effect transistors are electronic devices in which the current through an organic 
semiconductor between two electrodes (the source and drain), is modulated by an electric 
field. This electric field is created by inducing a potential between the source and a third 
(gate) electrode, which is separated from the semiconductor by a dielectric. As such they can 
act as switches and logic gates in a circuit. 
Organic semiconductors are intrinsic charge transporting mediums.
62
 This means that it is the 
molecular structure of the organic semiconductor itself which defines its charge transport 
characteristics. Traditional inorganic semiconductors such as silicon are extrinsic 
semiconductors. They are made to be „p-type‟ or „n-type‟ with the addition of dopants. 
Organic semiconductors should, therefore, be described as n/p-channel rather than n/p-type.
98
  
Due to their general molecular structure, perylene diimides are most often found to be n-
channel charge transporters.
5
 This is because the large π-conjugated aromatic core and the 
presence of the π-accepting imide moieties means the molecules have high electron affinities 
and the ability to form stable radical anions. There are exceptions to this rule, such as when 
the bay positions are substituted with strongly electron donating moieties, leading to a 
narrower HOMO-LUMO gap.
27
 This gives rise to molecules which can potentially exhibit p-
channel or ambipolar transport characteristics. 
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5.1.2 Basic Function of OFET Devices 
As mentioned above, OFETs work by allowing current flow only when an electric field is 
applied by creating a potential between the source and gate electrodes. This electric field 
polarises the non-conducting dielectric (SiO2 in this thesis) which separates the gate electrode 
and organic semiconductor. The polarisation induces charge accumulation at the 
gate/dielectric and the dielectric/semiconductor interfaces. The accumulated charges in the 
semiconductor create a channel through which current can flow between the source and drain 
electrodes.  
When the gate voltage is sufficient to generate enough accumulated charges in the 
semiconductor for current to flow in the device, this is known as the „on‟ state, before this the 
device is said to be in the „off‟ state.  
 
5.1.3 Device Architecture 
There are several different device architectures for OFET devices, named according to the 
order of deposition of the electrodes relative to the substrate and organic semiconductor. In 
this thesis the Bottom Gate-Bottom Contact (illustrated in Figure 5.1) architecture was used 
for all of the devices tested.  
The main advantage of this architecture is in the ease of processing; it is relatively 
straightforward to deposit the organic semiconductor over the pre-patterned electrodes using 
solution processing techniques, as the organic semiconductor is the final material to be 
deposited. 
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Figure 5.1: Schematic of a Bottom Gate-Bottom Contact OFET device architecture used in this thesis. The source and drain 
electrodes, and the gate dielectric were treated with pentafluorobenzenethiol (PFBT) and octadecyltrichlorosilane (OTS), 
respectively, in order to form a self-assembled monolayer (SAM). The PFBT SAM is there to modify the work function of 
the electrodes so as to facilitate charge injection, and the OTS SAM „passivates‟ the dielectric surface by reacting with polar 
Si-OH groups which would otherwise trap electrons when the device is in operation. 
. 
5.1.4 Device Characteristics 
Information about the performance of the organic semiconductor can be obtained by 
analysing the characteristics of the device in two different modes of operation of the OFET; 
the „output‟ and „transfer‟ modes.  
In output mode, the current between source and drain electrodes (ID) is measured as the 
source-drain potential (VD) is increased at a fixed source-gate potential (VG). In this mode, 
the source-drain potential at which the transistor changes from the linear to the saturation 
mobility model can be determined. Further information about the device quality can be 
inferred from the shape of the output curves. 
In transfer mode the current between source and drain (ID) is measured as the source-gate 
potential is increased.  Several key device performance indicators can be determined from 
analysis of this mode of operation: The source-gate potential at which the device switches 
from the „off‟ state (low current) to the „on‟ state (high current) or threshold voltage (Vth) can 
be observed. Ideally Vth should be as close to 0 V as possible. The ratio of the „on‟ and „off‟ 
Substrate
Gate Dielectric
Source
Electrode
Drain
Electrode
Organic Semiconductor
Gate Electrode
Electrode SAM: PFBT
Dielectric SAM: OTS
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currents (Ion/Ioff) is also determined from the transfer ID/VG curve. The Ion/Ioff ratio should be 
as high as possible (i.e. minimal „off‟ current and high „on‟ current). Finally the field-effect 
mobility (μeff) of the active layer material can be calculated. 
 
5.1.5 Chapter Overview 
In this chapter the OFET device performance of some of the PDIs discussed in previous 
chapters will be investigated.  
First, the performance of transistors fabricated using the dicyano PDI 25a as a regioisomeric 
mixture (29:71) of 25a† and 25a‡, was compared to the performance of transistors fabricated 
using regioisomerically pure 25a‡, in order to test whether the presence of the minor 
regioisomer has an effect on device performance. 
Second, the device characteristics of the product (26a) of the kinetic resolution reaction 
described in Chapter 4 (as a regioisomeric mixture of 26a† and 26a‡) were investigated, in 
order to determine whether they may be of interest as organic semiconductor materials in 
their own right. 
Finally, the dicyano PDI 25d, bearing long n-octadecyl chains at the imide positions was 
investigated, in order to determine whether such substituents would allow improved mobility 
by matching liquid crystal states observed by DSC to thermal treatment of the TFT, as has 
previously been observed with core-unsubstituted PDIs.
64,65
 
All OFET substrate preparation and device testing in this Chapter was performed by Dr 
Liyang Yu of the Stingelin-Stutzmann Research Group, Department of Materials, Imperial 
College London, with some assistance from the author (see Experimental Section 7.1.1). 
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5.2 Investigation into the Effect of Removing the Minor 1,6-
Regioisomer on OFET Performance 
In Chapter 4 of this thesis, a protocol for the kinetic resolution of regioisomeric mixtures of 
25a† and 25a‡ to yield regioisomerically pure 25a‡ was established. In the first part of this 
chapter, devices fabricated from the mixture are compared to devices fabricated from the 
regioisomerically pure 25a‡, to try to determine whether the presence of the minor 
regioisomer has an effect on device performance. 
 
5.2.1 Practical Considerations 
The two material samples were first subjected to further, identical, purification procedures 
(filtering through silica, densely packed cotton wool, then recrystallisation from toluene with 
n-hexane diffusion), to reduce the likelihood that differences in device performance would be 
due to foreign impurities in one sample. 
There can often be a great deal of device-to-device variation when fabricating OFETs, 
particularly when using solution based techniques, even between devices fabricated from the 
same active layer solution, on the same test substrate, as it can be difficult to achieve uniform 
film coverage. This is exacerbated by the OTS SAM, as the active layer solution wets the 
surface poorly after the SAM has been formed. In order to account for this, four substrate 
chips, each bearing several pre-patterned devices, were spin-coated with the active layer 
solutions and tested together, so that several devices fabricated with each of the two samples 
could be compared. 
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5.2.2 Results and Discussion 
Due to the weak interaction between the active later solutions and the OTS-treated dielectric 
surface, many of the pre-patterned devices on the substrates could not be used. It is also not 
sensible to compare devices of different channel lengths, as different mechanisms of 
resistance and trapping can dominate as the channel length changes. It was found that the 
majority of the 10 μm devices were sufficiently covered on the majority of substrates 
prepared, so these devices form the basis of the comparison.  
The saturation field effect mobilities (μsat), current on/off ratios (Ion/Ioff) and threshold 
voltages (Vth), of devices fabricated using the regioisomeric mixture (29:71) of 25a† and 
25a‡, and the regioisomerically pure 25a‡, are collated in Table 5.1. Typical output and 
transfer characteristics are shown in Figure 5.2 and Figure 5.3, respectively. The output 
curves of both sets of devices show reasonably well defined linear and saturation regimes, 
and the lack of supralinearity in the linear region indicates minimal contact resistance. 
 
Figure 5.2: Typical examples of the output (ID vs. VD) curves of the 10 μm channel length devices fabricated using (a) the 
regioisomeric mixture (ca. 29:71, 25a†:25a‡), and (b) regioisomerically pure 25a‡. 
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Figure 5.3: Typical examples of bidirectional saturation (VD = 10 V) transfer characteristics for devices fabricated using (a) 
the regioisomeric mixture (ca. 29:71, 25a†:25a‡), and (b) regioisomerically pure 25a‡. 
 
Table 5.1: Comparison of OFET Characteristics of Regioisomeric Mixture (25a†:25a‡ ≈ 
29:71) vs. Regioisomerically Pure 25a‡ 
Sample  Device a μ
Sat  
/ cm
2
 V
−1 s
−1 
 I
on
/I
off
 b V
Th
 / V c 
 
    
Regioisomeric Mixture 
25a†/25a‡ 
1  1  10−3  200 −25 
2  2  10−3 300 −20  
3 8  10−4 500 −20 
4  7  10−4 1000 −5  
5 5  10−4 800 −5 
6  1  10−3 1000 −20  
 
    
 
      
 
 
7 2  10−3 1400 −20 
 
8 1  10−3 700 −10 
Regioisomerically Pure 
25a‡ 
9 2  10−3 1500 −10  
10 1  10−3 3000 −5  
11  1  10−3 3500 −5  
12  2  10−3 1000 −5  
 
13 3  10−3 2000 −5 
 
    
a All devices reported here are 10 μm channel length devices. Devices were made by spin casting from CHCl3 solution (ca. 
5 mg/mL) at 1500 rpm, in air, onto pre-patterned bottom gate-bottom contact devices (SiO2 dielectric with OTS SAM, Au 
electrodes with PFBT SAM). Testing was carried out under nitrogen. Devices were tested „as-cast‟, without annealing or 
other treatments. b To the nearest 100. c To the nearest 5 V. 
 
Inspection of the data in Table 5.1 shows that the devices fabricated from the 
regioisomerically pure 25a‡ generally give better performance than those fabricated using the 
1.E-11
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regioisomeric mixture of 25a† and 25a‡. Though there are exceptions, devices 7-13 mostly 
show higher current on/off ratios and slightly higher field-effect mobilities than devices 1-6. 
The threshold voltages for devices 7-13 are mostly lower and clustered around 5-10 V (with 
the exception of device 7), whereas devices 1-6 show a greater variance. 
While 25a is an extremely well studied material in the OFET literature, the majority of this 
work is on vacuum-deposited films, which can give mobilities in the order of 10
−1
 cm
2
 V
−1
 
s
−1
, and generally improved all-round performance. In the one example of solution-cast 
devices using this material that could be found, mobilities in the order of 10
−4
 - 10
−3
 cm
2
 V
−1
 
s
−1
 were reported.
35
 The devices reported in this thesis then, can be considered comparable in 
performance to similar devices in the literature. 
It should be noted that, while the data presented here does suggest an improvement resulting 
from the removal of the minor regioisomer, this is best considered a preliminary finding. The 
difference is small, and while every effort was taken using the techniques available to ensure 
comparable purity, further work needs to be done to confirm this. 
If the effect is real, it is unlikely that it results from a difference in the reduction potentials of 
the two regioisomers. The reduction potentials are expected to be very similar. If the 
reduction potentials were sufficiently different that the minor regioisomer constituted a 
charge-trapping impurity, the effect of its removal would be much greater, as the minor 
regioisomer represents ca. 29 % of the mass of the active layer in the ‟mixture‟ devices. The 
minor regioisomer could have an effect on the morphology of the film. The crystal structures 
of the regioisomerically pure 25a‡ and the original regioisomer mixture of 25a† and 25a‡ 
(Chapter 4) were subtly different. 
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5.3 Investigation of the New PDI Material 26a 
In Chapter 4 it was shown that 25a reacts with piperidine to form the bright green, bay-
trisubstituted PDI 26a, as shown in Scheme 5.1: 
 
Scheme 5.1:  Reaction summary for the synthesis of the stable green products. R = CH2(CH2)6CH3 
 
This combination of two cyano and one piperidinyl moieties at the bay positions has not been 
reported before, so the properties of this material were investigated with organic electronics 
applications in mind.  
 
5.3.1 Electronic Properties of 26a 
A sample of the new material was synthesised, as a regioisomeric mixture, using the 
procedure developed in Chapter 4. A greater excess of piperidine was used to fully convert 
both regioisomers of 25a into 26a. After purification this yielded 58 mg (50 %) of amorphous 
green powder. The low yield was due to the more forcing conditions creating numerous by-
products which proved difficult to remove. 
Cyclic voltammetry and UV-vis spectroscopy were performed in order to determine the 
electronic properties of the new material, as shown in Figure 5.4. 
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Figure 5.4: Measurements to determine the electronic properties of 26a. (a) Cyclic voltammetry of 26a dissolved in a 
solution of 0.1 M TBAPF6, in dry, degassed CH2Cl2, vs. a Fc/Fc
+ internal reference, measured at a scan rate of 100 mV/s. 
ELUMO = −4.8 eV – Ered1 = −3.98 eV, EHOMO = −4.8 eV – Eox1 = −5.63 eV. Egap = EHOMO – ELUMO = 1.65 eV. (b) UV-vis of 
26a dissolved in CH2Cl2, Eopt = 1.71 eV (from deconvoluted spectrum in Chapter 4). 
 
The energy difference between the HOMO and LUMO levels was shown by both methods 
(Egap (CV) = 1.65 eV, Eopt (UV-vis) = 1.71 eV) to be much smaller than the parent dicyano 
PDI (Eopt (UV-vis) = 2.4 eV
16
). Such a small HOMO-LUMO gap suggests that the new 
material may be capable of ambipolar charge transport in an OFET device.  
 
5.3.2 OFET Transfer Characteristics of 26a 
OFET test substrates bearing devices such as those shown in Figure 5.1 were prepared by 
spin-coating a solution of 26a onto a pre-patterned substrate. As in the previous section, poor 
film coverage was a problem, and many of the pre-patterned devices received insufficient 
coverage to operate as OFETs. The device characteristics shown in Figure 5.5 are for the best 
performing 5 μm channel length device. 
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Figure 5.5: Semilog plots showing the transfer characteristics of 26a, in (a) p-channel mode, and (b) n-channel mode. Drain 
voltages (V) are shown by the start/end of each bidirectional transfer curve. Devices were fabricated by spin casting from 
CHCl3 solution (ca. 5 mg/mL) at 1500 rpm, in air, onto pre-patterned bottom gate-bottom contact devices (SiO2 dielectric 
with OTS SAM, Au electrodes with PFBT SAM). Testing was carried out under nitrogen. Devices were tested „as-cast‟, 
without annealing or other post-deposition treatments. 
 
The transfer characteristics shown in Figure 5.5 confirm that the new material 26a can indeed 
operate as an ambipolar transistor. The material showed n-channel saturation mobilities of 
between ca. 10
−5
 and 10
−4
 cm
2
 V
−1
 s
−1
, and p-channel saturation mobilities of between ca. 
10
−5
 and 10
−4
 cm
2
 V
−1
 s
−1
. The current Ion/Ioff ratios for both n-channel and p-channel 
transport were in the order of ca. 10
2
.  
Such properties are reasonably good for a solution-processed, amorphous, small-molecule 
organic semiconductor. The material was also found to have very high solubility in standard 
solvents used in organic electronics (e.g. CHCl3 and toluene). Of greater interest was the 
observation that the material also had some solubility (low at 298 K to high at ca. 323 K) in 
n-hexane and n-pentane. Such solvents are not normally accessible to PDIs or other organic 
semiconductors, potentially opening up new processing possibilities. 
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5.4 N,N′-Octadecyl-1,6/7-Dicyanoperylene Diimide 
It has previously been shown, by Struik et al. in 2000 and Jeon et al. in 2010,
64,65
 that bay-
unsubstituted PDIs bearing long n-alkyl imide substituents can undergo crystalline-crystalline 
and crystalline-liquid crystalline transitions with annealing. This increased ordering of the 
PDI semiconductor led to increases in charge carrier mobility. The degree to which the 
annealing increased mobility depended on the chain length of the n-alkyl imide substituents. 
It was proposed that a similar enhancement may be achieved for dicyano PDIs, as these are 
generally found to be closest to the bay-unsubstituted PDIs in terms of morphology and 
device performance. To this end; the PDI 25d (Figure 5.6) was synthesised, as described in 
Chapter 2 (section 2.5.1).  
 
Figure 5.6: Structure of the 1,7-regioisomer of 25d. 
 
Once synthesised, the first step in this investigation was to confirm that the n-octadecyl 
moieties allow the material to undergo thermally induced phase transitions such as those 
observed previously. To investigate this, the material was analysed by differential scanning 
calorimetry (DSC). The results of the DSC analysis are shown in Figure 5.7. 
The first heat/cool cycle (Cycle 1, Figure 5.7) showed two endothermic transitions prior to 
the melt at 262 °C. In Cycle 2 the endothermic transition at ca. 100-120 °C has disappeared 
and a new, weaker endothermic transition with a peak at 60 °C can be seen. Comparing the 
DSC traces of the first and second heat/cool cycles reveals the endothermic transition at ca. 
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100-120 °C to be an artefact of the sample preparation, possibly trace toluene from the 
recrystallisation evaporating off. The presence of the endothermic transitions at 60 °C and 
153 °C in the DSC traces of subsequent cycle (e.g. Cycle 2 here) suggests that the material 
can indeed undergo transitions to crystalline-crystalline or liquid crystalline morphologies.  
 
Figure 5.7: DSC traces (measured under N2, heating rate 20 °C / min, sample mass 1.85 mg) of 25d recrystallised from 
toluene/iPrOH solution. Cycle 1 (top) show the first heat/cool cycle, Cycle 2 (bottom) shows the second heat/cool cycle. The 
DSC thermograms in this figure were measured by Ester Buchaca Domingo, Department of Materials, Imperial College 
London. 
 
Struijk et al. characterise their endothermic transitions by X-ray diffraction of films at the 
appropriate temperatures. Crystalline-crystalline transitions are characterised by the 
appearance of sharp reflections, liquid crystalline transitions by more diffuse halos. Polar 
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optical microscopy was found to be uninformative by Struijk et al., as it could only identify 
the isotropic phase, and all of the other phases appeared identical.
64
 
The first heat/cool cycle shows those transitions which can be of greatest use from a device 
optimisation standpoint. As only the transition at 153 °C was observed in the DSC trace of 
the first cycle, the transition at 60 °C will not be discussed further in this section. 
In order to test the effect on OFET performance of inducing the transition identified in the 
DSC traces (153 °C state), bottom gate-bottom contact devices were fabricated by spin-
casting a solution of 25d on pre-patterned substrates as described above. After testing the 
devices „as-cast‟, the devices were annealed at ca. 145 °C for 1 h in air and tested a second 
time. An annealing temperature of 145 °C was chosen as this is the onset of the phase 
transition.  
The „as-cast‟ devices typically showed saturation mobilities of ca. 10−5-10−4 cm
2
 V
−1
 s
−1
 and 
Ion/Ioff ratios of ca. 10
3
-10
2
. After annealing, the devices with channel lengths greater than 5 
μm all failed, and the devices with smaller channel lengths typically showed a drop in both 
μeff and Ion/Ioff of an order of magnitude.  
 
Figure 5.8: Typical output curves for a 2.5 μm channel length (L) device; (a) as-cast, and (b) annealed at ca. 145 °C in air 
for ca. 1 h. The device was fabricated in air by spin-coating from a ca. 5 mg/mL solution of 25d in CHCl3, and tested under 
N2 each time. 
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Comparison of the output curves of one of the 2.5 μm devices before and after the annealing 
process, as shown in Figure 5.8, shows annealing the device has also greatly affected the 
output characteristics. The annealed device shows a greater degree of non-linearity in the 
linear regime. Such an ID vs. VD relationship is often a sign that there is a large degree of 
contact resistance in the device. So it would appear that the thermal treatment has had a 
deleterious effect on the semiconductor-electrode contacts. 
There are numerous possible explanations for how the thermal treatment conducted here 
could have reduced the device performance: Performing the thermal treatment in air could 
have degraded the device, although this is not so likely, as dicyano PDIs are well known for 
both their electrochemical and thermal stability. The treatment may have caused the 
semiconductor active layer to shrink or otherwise de-wet from the dielectric or electrodes. It 
is also possible that liquid crystal state has induced an overall order into the semiconductor 
which is orthogonal to the required direction for optimal charge transport.  
Considering the previous studies by Struijk et al. and Jeon et al.; the crystalline-crystalline 
transitions gave improved mobility, whereas the higher temperature, highly ordered liquid 
crystal states gave a reduced mobility compared to the as-cast films. It cannot be known for 
certain at this stage which type of transition is induced by the annealing treatment. Therefore, 
characterisation of the phases observed by DSC, with X-ray diffraction or polar optical 
microscopy will be necessary in the future to help in explaining the effect of annealing on the 
OFET performance. 
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5.5 Chapter Summary 
The majority of this chapter has dealt with investigating potential applications of the novel 
chemistry described in Chapter 4. It has been shown that devices fabricated from 
regioisomerically pure 25a‡ give improved performance over devices fabricated from the 
regioisomeric mixture of 25a† and 25a‡.  
The electronic properties of the novel PDI 26a, identified as the product of the kinetic 
resolution reaction in Chapter 4, have been investigated. The material shows some initial 
promise as a small-molecule organic ambipolar organic semiconductor. 
Finally, an investigation into the use of n-octadecyl imide substituents to create a dicyano 
PDI which can exhibit different morphologies was developed. The ability of this material to 
adopt different crystalline or liquid crystalline morphologies was shown by DSC. Attempts to 
utilise this morphological characteristic by post-deposition thermal treatment of spin-cast 
OFETs of the material, however, resulted in reduced device performance in the devices 
investigated. This result is the opposite of investigations into similar PDIs with no bay-
substituents, where thermal treatment led to improved charge carrier mobility.
64,65
 Further 
work is needed, particularly in determining the nature of the thermal transitions, as described 
above. 
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Conclusions and Future Outlook 
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6.1 Perylene Diimides for Organic Photovoltaics 
In Chapter 2 the synthesis of a range of PDIs with unsymmetrical substitution at the bay 
positions was described (general structures shown in Figure 6.1), and these new materials 
fully characterised. It was shown that the combination of electron-withdrawing cyano moiety 
and electron-donating cyclic amine yielded molecules with absorption profiles well matched 
to the solar radiation spectrum.  
 
Figure 6.1: General Structural components of unsymmetrically bay-substituted PDIs. 
 
Comparing the results of cyclic voltammetry and UV-vis spectroscopy across the series 
allows certain trends to be observed. It was shown that, of the cyclic amines investigated, the 
morpholinyl moiety has the smallest effect on the LUMO level of the material, while still 
resulting in PDIs with a broad, low energy Eopt. It was also shown that the use of n-
perfluoroalkyl substituents at the imide can increase the depth of the LUMO level of the PDI 
by ca. 50-100 mV. These empirical observations may be of use in the future design of 
organic semiconducting small molecules. 
The morpholinyl substituted PDI 24a was selected for OPV device testing and showed some 
promise. The best efficiency so far for devices using a blend of this PDI with the hole-
conducting polymer PCDTBT (11) was found to be ca. 0.64 %. Devices fabricated using the 
same donor polymer and architecture with the dicyano PDI 25a as the acceptor gave much 
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lower efficiencies of ca. 0.05 %, in line with previously reported efficiencies for BHJ devices 
using a similar acceptor.
49
 The new PDI efficiencies are higher than most PDI-based BHJ 
devices reported to date, although some have recently reported PDI-type materials giving 
power conversion efficiencies of  in excess of 3 %.
99–101
 It is interesting to note that these 
materials all contain some structural feature which disrupts PDI aggregation, either a large 
aromatic group at the imide position or large groups at the bay region. 
It was shown that the concentration of the minor 1,6- regioisomer impurity has little to no 
effect on the device performance in as-cast devices. Since this material is very amorphous 
such a result is perhaps not surprising. The DSC data shows that the regioisomer ratio does 
affect the morphology, high 1,6-regioisomer concentrations leading to an increased barrier to 
crystallisation, indicated by a thermally activated cold crystallisation transition. Based on 
this, it is possible that the regioisomer ratio could have an effect on active layer film 
processing techniques such as annealing.  
Transient absorption spectroscopy and photoluminescence spectroscopy of BHJ blends and 
bilayers of 24a and 11, compared to 12 and 11, suggests that 24a blends too well with this 
polymer, hampering charge separation.  
Future work with this PDI should therefore involve seeking a suitable semi-crystalline 
polymer, or finding a way to take advantage of the cold crystallisation transition observed in 
the DSC data to induce more ordered domains of 24a in the blend. 
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6.2 Kinetic Resolution of Dicyano Perylene Diimide Regioisomers 
A simple protocol for the removal of the minor regioisomeric impurity from samples of the 
dicyano PDI 25a has been shown. As discussed in the introduction, the dicyano PDIs are 
some of the most important materials in the literature, due to their high charge carrier 
mobility and ambient stability, and as such are studied regularly by a number of research 
groups around the world. The procedure is straightforward and can be monitored by 
1
H NMR 
spectroscopy in order to maximise the yield of the majority 1,7-regioisomer. This may be a 
relevant method for others to apply to further investigate what effects the presence of the 
minor regioisomer has on the physical properties and device performance of other dicyano 
PDIs 
The structures of the products of this kinetic resolution reaction were determined using a 
combination of spectroscopic techniques and modern computational chemistry.  
The electronic properties of this new trisubstituted PDI material were investigated. It was 
found that the material combined a broad, low energy (Eopt = 1.71 eV) absorption profile with 
a deep LUMO of −3.98 eV. Initial investigations into this material as a component in an 
OFET device suggest the material may be of interest as an ambipolar organic semiconductor. 
Future work should focus on further investigation of the OFET devices fabricated using this 
material, and synthesising other variations of the structure. 
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Experimental Section 
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7.1 Methods and Materials 
7.1.1 General Experimental Methods and Materials 
Differential scanning calorimetry (DSC) was performed on a Mettler Toledo STAR
e
 system 
at a scan rate of 10° C / min, unless otherwise stated, using standard Aluminium DSC 
crucibles from Mettler. Physical phase changes such as melts, crystallisations and liquid 
crystal states are reported from the second heating/cooling cycle unless otherwise stated. 
Melting points were recorded from the second scan of the DSC thermogram or on a 
microscope heating stage where DSC was not performed.  
Cyclic voltammetry was performed on solutions, with dry, degassed CH2Cl2 using TBAPF6 
(0.1 M) as the electrolyte using a BAS 100B/W Electrochemical Analyser. All potentials are 
given relative to the Fc
+
/Fc redox couple (0.52 V vs. the saturated calomel electrode) used as 
an internal reference.  
Solution phase ultraviolet-visible absorption spectra were recorded on a Perkin Elmer 
Lambda 25 spectrophotometer in CH2Cl2, unless otherwise stated, in a 1 cm path length 
quartz cuvette. Wavelengths are reported in nm, against molar absorption coefficient in L 
mol
-1
 cm
-1
. 
Thin-film ultraviolet-visible absorption spectra were recorded on a Perkin Elmer Lambda 25 
spectrophotometer. The films were spin-cast on cut glass microscope slides using a WA-650-
23NPP Modular Spin Processor from Laurell Ltd. The one exception was 25d; films of this 
material were made by wire-bar coating onto glass microscopy slides. Wavelengths are 
reported in nm. 
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Thin-film photoluminescence spectra were recorded on a Horiba Jobin Yvon Fluorolog-2 
with a 45° incident excitation beam. The films were spin-cast on cut glass microscope slides 
using a WA-650-23NPP Modular Spin Processor from Laurell Ltd. 
Infrared absorption spectra were recorded on a Perkin Elmer 100 FT-IR Spectrometer or a 
Perkin Elmer FT-IR Spectrum Two Spectrometer. In both cases spectra were recorded from 
dry solid samples on a diamond universal attenuated total reflectance (ATR) fitting. 
1
H NMR spectra were recorded on a Bruker Av-400 (400 MHz). When deuterated sulphuric 
acid was used as the solvent; spectra were recorded by Mr Peter Haycock on a Bruker DRX-
400 (400 MHz). Chemical shifts are reported in ppm relative to residual protons present in 
the commercially available deuterated solvents; CDCl3 (δ 7.26) and CD2Cl2 (δ 5.32). 1D 
selective ROE/NOESY, 2D ROESY, COSY, HSQC and other specialist NMR experiments 
were carried out by Mr Peter Haycock on a Bruker Av-500 (500 MHz).  
13
C {
1
H} NMR spectra were recorded on a Bruker Av-400 (100 MHz). Chemical shifts are 
reported in ppm relative to CDCl3 (δ 77.0). Where 
13
C-spectra are not reported this was due 
to the poor solubility of the product.  
19
F NMR spectra were recorded on a Bruker Av-400 (377 MHz) by Caroline Chua. 
Figure 7.1 explains the labelling system used for reporting the 
1
H NMR, 
13
C {
1
H} NMR
 
and 
19
F NMR chemical shifts in this thesis: 
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Figure 7.1: The labelling and numbering system used for characterisation of the non-symmetric PDIs by 1H NMR and 13C 
{H} NMR and 19F {H} NMR spectroscopy. 
 
Note: Even though the protons of the chains attached to each imide nitrogen are strictly only 
equivalent when the PDI is symmetrical –as in the case of a 1,7-regioisomer with identical 
bay substituents– the above notation is applicable, as in of all compounds reported here, the 
inequivalent protons are indistinguishable in a 400 or 500 MHz field.  
Organic field-effect transistors studied in this thesis were of the bottom gate-bottom contact 
configuration (see Figure 5.1, Chapter 5). Substrates were prepared by Dr Liyang Yu of the 
Department of Materials, Imperial College London. The substrates consisted of highly doped 
Si as the substrate/gate electrode with thermally grown SiO2 as the dielectric (with a 17 nF 
dielectric constant and a thickness of 220 nm) and Au source/drain electrodes. The dielectric 
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was treated with octadecyltrichlorosilane (OTS) to form the passivating dielectric SAM. The 
electrodes were treated with perfluorobenzene thiol (PFBT) to modify the Au work function.  
The organic semiconducting materials were deposited by the author from 5 mg/mL solutions 
in CHCl3, using a WS-400AZ-6NPP/LITE spin-coater from Laurell Ltd in air. Annealing was 
carried in air using a hotplate. Devices were tested under an N2 atmosphere (<10 ppm O2, <1 
ppm H2O) in a glovebox by Dr Liyang Yu, with assistance from the author. Between storage 
and testing, devices were stored under vacuum. Transistor characteristics were determined 
using standard FET equations.
98
 Threshold voltages (Vth) were estimated by visual inspection 
of the saturation bidirectional transfer plots. 
 
7.2 Synthesis of Materials 
Compounds 16b, 17b, 18b, 14c, and 16c were synthesised by Caroline Chua, Imperial 
College London MSci student, who also assisted in the characterisation of these 
compounds.
102
 Caroline also assisted in the characterisation of 22b, 23b and 22c. All other 
compounds were synthesised by the author. 
7.2.1 1,6/7-Dibromoperylene-3,4:9,10- Tetracarboxylic Acid 3,4:9,10-
Dianhydride 314 
 
The unsubstituted dianhydride 1 (25 g, 64 mmol) was stirred for 18 h in 98 % H2SO4 (200 
mL) at 298 K under N2. A catalytic amount of I2 (0.16 g, 0.60 mmol) was added. The system 
was heated to 328 K and Br2 (7.5 mL, 0.14 mol) added, drop-wise over 1 h. The reaction was 
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stirred at 328 K for 2 h, then heated to 358 K and stirred for 16 h, after which excess bromine 
was removed by a strong N2 flow. The reaction was cooled to 323 K, and subjected to a 
further 3 h of N2 flow, before cooling to 298 K. Distilled water (60 mL) was added, slowly, 
and the resulting red precipitate collected on a P3 sintered glass funnel, followed by washing 
with 86 % (by weight) aqueous H2SO4 solution (350 mL) and distilled water (ca. 500 mL). 
The red solid was dried on the filter then under reduced pressure in the presence of P2O5 for 
4 d to give crude 3 as a bright red powder (31.24 g, 56.79 mmol, 89 %):  1H NMR (400 MHz, 
D2SO4, referenced to CDCl3 in sealed capillary) δ 9.68 (d, J = 8.3, 2H, Ar CH 5 and 11), 9.00 
(s, 2H, Ar CH 2 and 8), 8.78 (d, J = 8.3, Ar CH 6 and 12); IR (ATR) νmax cm
-1
 1773 (C=O 
stretch, dianhydride), 1728 (C=O stretch, dianhydride), 1502, 1377, 1290. 
 
7.2.2  N,N'-Bis(n-Octyl)-1,6/7-Dibromoperylene-3,4:9,10-Tetracarboxylic 
Acid Diimide 14a14 
 
3 (4.00 g, 7.27 mmol) was stirred in propanoic acid (80 mL), for 30 min under N2, after 
which time octyl-1-amine (6.0 mL, 36 mmol) was added and the red suspension heated to 
433 K for 22 h. The reaction was then cooled to 298 K and stirred for 18 h. Distilled water 
was added slowly to encourage complete precipitation of product, which was collected on a 
sintered glass funnel and washed with aqueous Na2CO3 solution (0.5 M, 200 mL) and 
distilled water (ca. 500 mL). The bright red solid was dried on the filter with suction for 2 h 
before dissolving into CHCl3 (500 mL). The CHCl3 solution was extracted with distilled 
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water (4  ca. 200 mL) and brine (2  ca. 200 mL) and dried (MgSO4). The product was 
purified by flash column chromatography (silica, CH2Cl2). The solvent was removed under 
reduced pressure to leave 14a (1.65 g, 2.14 mmol, 29%) as a bright red powder:
 1
H NMR 
(400 MHz, CDCl3) δ 9.39 (d, J = 8.2 Hz, 2H, Ar CH 5 and 11), 8.84 (s, 2H, Ar CH 2 and 8), 
8.62 (d, J = 8.2 Hz, 2H, Ar CH 6 and 12), 4.28 – 4.07 (m, 4H, CH2 1ʹ), 1.75 (m, 4H, CH2 2ʹ), 
1.53 – 1.15 (m, 20H, CH2 3ʹ to 7ʹ), 0.88 (t, J = 6.8 Hz, 6H, CH2 8ʹ); m/z (ESI) [M
−
] 772.1369 
(C40H40Br2N2O4 requires 772.1334). 
 
7.2.3 N,N′-Bis(n-Octyl)-1-Bromo-6/7-Pyrrolidinylperylene-3,4:9,10-
Tetracarboxylic Acid Diimide 16a 
 
A solution of 3 (101 mg, 0.13 mmol) in CH2Cl2 (8 mL) was cooled to 195 K, and pyrrolidine 
(2 mL, 41 mmol) added. The reaction was allowed to warm to 298 K and monitored by TLC; 
more pyrrolidine was added (4 mL, 82 mmol) over 1.5 h, and then stirred for a further 30 
min. The reaction was stopped by addition of 1M HCl (80 mL). The CHCl3 was added and 
the chlorinated layer separated, washed with brine (2  ca. 50 mL), and dried (Na2SO4). The 
solvents were removed under reduced pressure and the product purified by flash column 
chromatography (silica, CH2Cl2), to give 16a (67 mg, 87.8 μmol, 68%) as an amorphous 
green solid: 
1
H NMR (400 MHz, CDCl3, δ) 9.31 (d, J = 8.2, 1H, Ar CH 5), 8.72 (s, 1H, Ar 
CH 2), 8.57 (d, J = 8.0, 1H, Ar CH 11), 8.42 (s, 1H, Ar CH 8), 8.36 (d, J = 8.3, 1H, Ar CH 
12), 7.23 (d, J = 8.0, 1H, Ar CH 6), 4.29 – 4.11 (m, 4H, CH2 1ʹ), 3.80 – 3.59 (m, 2H, CH2 2ʹʹ 
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and 5ʹʹ), 2.90 – 2.66 (m, 2H, CH2 2ʹʹ and 5ʹʹ), 2.19 – 2.05 (m, 2H, CH2 3ʹʹ and 4ʹʹ), 2.05 – 1.92 
(m, 2H, CH2 3ʹʹ and 4ʹʹ), 1.81 – 1.69 (m, 4H, CH2 2ʹ), 1.51 – 1.16 (m, 20H, CH2 3ʹto 7ʹ), 0.90 
(t, J = 6.7, 6H, CH2 8ʹ);
 13
C {
1
H} NMR (101 MHz, CDCl3) δ 163.7 (1C, q, C=O), 163.6 (1C, 
q, C=O), 163.4 (1C, q, C=O), 163.3 (1C, q, C=O), 162.7 (1C, q, C=O), 162.56 (1C, q, C=O), 
148.6 (Ar), 148.2 (Ar), 137.3 (1C, Ar, CH – 2), 134.5 (Ar), 134.1 (Ar), 133.7 (1C, Ar), 133.6 
(1C, Ar), 131.3 (1C, Ar), 130.4 (1C, Ar, CH 5), 130.3 (1C, Ar), 129.5 (1C, Ar), 129.3 (1C, 
Ar), 127.8 (1C, Ar, CH 11), 127.0 (1C, Ar), 126.2 (1C, Ar), 125.3 (1C, Ar, CH 12), 123.7 
(1C, Ar, CH 6), 123.3 (1C, Ar), 123.2 (1C, Ar), 122.3 (1C, Ar), 122.1 (1C, Ar), 121.8 (1C, 
Ar), 121.7 (1C, Ar, CH 8), 121.6 (1C, Ar), 121.4 (1C, Ar), 121.0 (1C, Ar), 118.6 (1C, Ar), 
118.2 (1C, Ar), 117.1 (1C, Ar), 114.6 (1C, Ar), 52.8 (2C, CH2 2ʹʹ and 5ʹʹ), 40.8 (1C, CH2 1ʹ), 
40.7 (1C, CH2 1ʹ), 40.6 (1C, CH2 1ʹ), 40.5 (1C, CH2 1ʹ), 31.9 (2C, CH2 3ʹ to 7ʹ), 29.3 (2C, 
CH2 3ʹ to 7ʹ), 28.2 (2C, CH2 2ʹ), 28.1 (2C, CH2 3ʹ to 7ʹ), 27.2 (2C, CH2 3ʹ to 7ʹ), 25.9 (2C, 
CH2 3ʹʹ and 4ʹʹ), 22.7 (2C, CH2 3ʹ to 7ʹ), 14.1 (2C, CH2 8ʹ); UV (CH2Cl2) λmax nm (ε) 655 
(9,400), 435 (5,900); IR (ATR) νmax cm
−1
 2959 (CH stretch, Ar), 2925 (CH stretch, Ar), 2855 
(CH stretch, Ar), 1695 (C=O stretch, imide), 1649 (C=O stretch, imide), 1584; m/z (ESI) 
[M
−
] 761.2844 (C44H48BrN3O4 requires 761.2828). 
 
  
P a g e  | 134 
 
Chapter 7 
7.2.4 N,N′-Bis(n-Octyl)-1-Bromo-6/7-Morpholinylperylene-3,4:9,10-
Tetracarboxylic Acid Diimide 18a 
 
A slurry of 14a (400 mg, 0.52 mmol) in morpholine (18 mL, ca. 400 mmol) was warmed to 
373 K, at ca. 353 K the bright red slurry became a dark red solution. After 2 h at 373 K the 
solution had turned dark green and the reaction was cooled to 298 K. The reaction was 
quenched by pouring in to HCl (1M, 250 mL, 250 mmol). The dark green precipitate was 
collected on a filter and washed with distilled water (ca. 200 mL), then EtOH (ca. 50 mL), 
before dissolving through the filter in EtOAc (ca. 400 mL). The blue-green EtOAc solution 
was dried (MgSO4) and EtOAc removed under reduced pressure. The crude product was 
purified by dry flash column chromatography (silica, first CH2Cl2/EtOAc (7-8% by volume), 
then CH2Cl2). The solvents were removed under reduced pressure to give 18a (275 mg, 0.35 
mmol, 68%) as a dark blue-green amorphous powder: 
1
H NMR (400 MHz, CDCl3) δ 9.69 (d, 
J = 8.2 Hz, 1H, Ar CH 5), 9.38 (d, J = 8.2 Hz, 1H, Ar CH 11), 8.80 (s, 1H, Ar CH 2), 8.58 (d, 
J = 8.2 Hz, 1H, Ar CH 12), 8.52 (d, J = 8.2 Hz, 1H, Ar CH 6), 8.46 (s, 1H, Ar CH 8), 4.28 – 
4.08 (m, 4H, CH2 1ʹ), 4.06 – 3.80 (m, 4H, CH2 3ʹʹ and 5ʹʹ), 3.46 – 3.30 (m, 2H, CH2 2ʹʹ and 6ʹʹ 
), 3.13 (ddd, J = 12.9, 10.1, 3.5 Hz, 2H, CH2 2ʹʹ and 6ʹʹ), 1.83 – 1.68 (m, 4H, CH2 2ʹ), 1.50 – 
1.16 (m, 20H, CH2 3ʹ to  7ʹ), 0.88 (t, J = 6.6 Hz, 6H, CH3 8ʹ); 
13
C {
1
H} NMR (101 MHz, 
CDCl3) δ 163.4 (1C, q, C=O), 163.3 (1C, q, C=O), 162.8 (1 C, q, C=O), 162.5 (1C, q, C=O), 
151.1 (1C, Ar), 137.9 (1C, CH, 2), 134.8 (1C, Ar), 133.0 (1C, Ar), 130.7 (1C, CH, 6), 129.8 
(1C, Ar), 129.6 (1C, Ar), 129.2 (1C, Ar), 128.5 (1C, CH, 11), 127.8 (1C, CH, 12), 124.4 (1C, 
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Ar), 123.9 (1C, CH, 5), 123.2 (1C, CH, 8), 122.0 (1C, Ar), 121.9 (1C, Ar), 121.3 (1C, Ar), 
119.1 (1C, Ar), 111.0 (1C, Ar), 66.4 (2C, CH2 3ʹʹ and 5ʹʹ), 51.7 (2C, CH2 2ʹʹ to 6ʹʹ), 40.7 (2C, 
CH2 1ʹ), 31.8 (2C, CH2 3ʹ to 7ʹ), 29.4 (2C, CH2 3ʹ to 7ʹ), 29.2 (2C, CH2 3ʹ to 7ʹ), 28.1 (2C, 
CH2 2ʹ), 27.2  (2C, CH2 3ʹ to 7ʹ), 22.7 (2C, CH2 3ʹ to 7ʹ), 14.1 (2C, CH2 8ʹ); UV (CH2Cl2) 
λmax nm (ε) 600 (7,800), 452 (5,600); IR (ATR) νmax cm
−1
 2956, 2924, 2851, 1695, 1650, 
1587, 1557, 1507, 1427, 1408, 1334, 1239; m/z (ESI) [M
−
] 779.2784 (C44H48BrN3O5 requires 
779.2757). 
 
7.2.5 N,N′-Bis(n-Octyl)-1,6-Dimorpholinylperylene-3,4:9,10-
Tetracarboxylic Acid Diimide 21a† 
 
21a† was recovered originally as a mixture with 21a‡ from the synthesis of 18a by flash 
column chromatography (silica, CH2Cl2/EtOAc (7% by volume)), to give 21a (47 mg, 0.06 
mmol, 12 %) as a regioisomeric mixture. Repeated flash column chromatography of this 
mixture allowed a small sample of the regioisomer 21a† to be isolated for characterisation: 
1
H NMR (400 MHz, CDCl3) δ 9.90 (d, J = 8.3 Hz, 2 H, Ar CH 7 and 12), 8.65 (d, J = 8.3 Hz, 
2 H, Ar CH 8 and 11), 8.41 (s, 2 H, Ar CH 2 and 5), 4.30 – 4.14 (m, 4 H, CH2 1ʹ), 4.04 – 3.85 
(m, 8 H, CH2 3ʹʹ and 5ʹʹ), 3.33 – 3.22 (m, 4 H, CH2 2ʹ′ and 6′′), 3.13 – 3.03 (m, 4 H, CH2 2ʹʹ 
and 6ʹʹ), 1.86 – 1.68 (m, 4 H, CH2 2ʹ), 1.54 – 1.21 (m, 20 H, CH2 3ʹ and 7ʹ), 0.89 (br t, J = 6.5, 
6 H, CH3 8ʹ); 
13
C {
1
H} NMR (101 MHz, CDCl3) δ 163.5 (2C, q, C=O), 163.5 (2C, q, C=O), 
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152.1 (Ar),  135.4 (Ar), 134.4 (Ar), 131.8 (Ar), 130.7 (2C, Ar, CH 8 and 11), 128.8 (Ar), 
128.3 (Ar), 124.4 (2C, Ar, CH 7 and 12), 123.7 (Ar), 123.6 (Ar), 122.0 (2C, Ar, CH 2 and 5), 
121.5 (Ar), 121.0 (Ar), 66.6 (4C, CH2 3ʹʹ and 5ʹʹ), 51.8 (4C, CH2 2ʹʹ and 6ʹʹ), 40.8 (1C, CH2 
1ʹ), 40.6 (1C, CH2 1ʹ), 31.8 (2C, CH2 6ʹ), 29.4 (1C, CH2 4ʹ and 5ʹ), 29.3 (1C, CH2 4ʹ and 5ʹ), 
29.2 (1C, CH2 4ʹ and 5ʹ), 29.2 (1C, CH2 4ʹ and 5ʹ), 28.2 (1C, CH2 2ʹ), 28.1 (1C, CH2 2ʹ), 27.2 
(1C, CH2 3ʹ), 27.1 (1C, CH2 3ʹ), 22.7 (2C, CH2 7ʹ), 14.1 (2C, CH2 8ʹ); UV (CH2Cl2) λmax, nm 
(ε) 640 (24,300), 426 (8,300), 397 (8,700); IR (ATR) νmax cm
−1
 2956 (CH stretch, Ar), 2921 
(CH stretch, Ar), 2851 (CH stretch, Ar), 1689 (C=O stretch, imide), 1647 (C=O stretch, 
imide), 1583, 1513, 1433, 1411, 1341; m/z (ESI) [M
−
] 784.4182 (C48H56N4O6 requires 
784.4200). 
 
7.2.6 N,N′-Bis(n-Octyl)-1,7-Dimorpholinylperylene-3,4:9,10-
Tetracarboxylic Acid Diimide 21a‡ 
 
21a‡ was recovered originally as a mixture with 21a† from the synthesis of 18a by flash 
column chromatography (silica, CH2Cl2/EtOAc (7% by volume)) to give 21a (47 mg, 60 
μmol, 12 %) as a regioisomeric mixture. Repeated flash column chromatography of this 
mixture allowed a sample of the regioisomer 21a‡ (ca.92 – 96% pure by 1H NMR) to be 
isolated for characterisation: 
1
H NMR (400 MHz, CDCl3) δ 9.61 (d, J = 8.3 Hz, 2H, Ar CH 5 
and 11), 8.37 (d, J = 8.3 Hz, 2H, Ar CH 6 and 12), 8.27 (s, 2H, Ar CH 2 and 8), 4.28 – 4.16 
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(m, 4 H, CH2 1ʹ), 3.99 – 3.85 (m, 8H, CH2 3ʹ′ and 5′′), 3.40 – 3.30 (m, 4H, CH2 2ʹ′ and 6′′), 
3.08 – 2.97 (m, 4H, CH2 2ʹ′ and 6′′), 1.74 (p, J = 7.7 Hz, 4 H, CH2 2ʹ), 1.41 – 1.22 (m, 20H, 
CH2 3′ to 7ʹ), 0.88 (t, J = 6.7 Hz, 6H, CH3 8ʹ); 
13
C {
1
H} NMR (101 MHz, CDCl3) δ 163.3 
(2C, q, C=O), 163.3 (2C, q, C=O), 149.8 (Ar), 134.8 (Ar), 129.8 (Ar), 128.1 (2C, Ar, CH 5 
and 11), 124.4 (Ar), 123.6 (2C, Ar, CH 6 and 12), 122.9 (Ar), 122.8 (Ar), 122.8 (2C, Ar, CH 
2 and 8), 121.4 (Ar), 66.5 (4C, CH2 2ʹʹ and 4ʹʹ), 51.4 (4C, CH2 1ʹʹ and 5ʹʹ), 40.75 (2C, CH2 1ʹ), 
31.85, 29.40, 29.25, 28.18, 27.19, 22.66, 14.1 (2C, CH2 – 8ʹ); UV (CH2Cl2) λmax, nm (ε) 652 
(24,800), 426 (14,300), 397 (sh, 10,400); IR (ATR) νmax cm
−1
 2956 (CH stretch, Ar), 2921 
(CH stretch, Ar), 2854 (CH stretch, Ar), 1692 (C=O stretch, imide), 1647 (C=O stretch, 
imide), 1592, 1580, 1561, 1513; m/z (ESI) [M
−
] 784.4176 (C48H56N4O6 requires 784.4200). 
 
7.2.7 N,N′-Bis(n-Octyl)-1-Cyano-6/7-Pyrrolidinylperylene-3,4:9,10-
Tetracarboxylic Acid Diimide 22a 
 
A solution of 16a (54 mg, 71 μmol), Zn(CN)2 (33 mg, 0.26 mmol), Pd2(dba)3 (3 mg, 3 μmol) 
and DPPF (6 mg, 10 μmol) in anhydrous 1,4-dioxane (6 mL), was heated at reflux, under N2, 
for 4 d. The reaction was cooled to 298 K and brine (30 mL) added to precipitate the green 
product. Excess Zn(CN)2 was removed by collecting the solids on an alumina filter column, 
and passing CH2Cl2 through the column to dissolve the product and leave the Zn(CN)2 on the 
column. The bright green solution was washed with brine (2  ca. 100 mL) and dried 
(Na2SO4). Solvents were removed under reduced pressure, and the product purified by dry 
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flash column chromatography (silica, CH2Cl2) to give 22a (35 mg, 49 μmol, 70%) as a dark 
green powder:
 1
H NMR (400 MHz, CDCl3) δ 9.48 (d, J = 8.3 Hz, 2H, Ar CH 5), 8.87 (s, 1H, 
Ar CH 2), 8.78 (d, J = 8.1 Hz, 1H, Ar CH 11), 8.58 (s, 1H, Ar CH 8), 8.56 (d, J = 8.3 Hz, 1H, 
Ar CH 12), 7.30 (d, J = 8.0 Hz, 1H, Ar CH 6), 4.28 – 4.13 (m, 4H, CH2 1ʹ), 3.87 – 3.72 (m, 
2H, CH2 2ʹʹ and 5ʹʹ), 2.89 – 2.69 (m, 2H, CH2 2ʹʹ and 5ʹʹ), 2.25 – 2.09 (m, 2H, CH2 3ʹʹ and 4ʹʹ), 
2.08 – 1.94 (m, 2H, CH2 3ʹʹ and 4ʹʹ), 1.82 – 1.69 (m, 4H, CH2 2ʹ), 1.50 – 1.17 (m, 20H, CH2 3ʹ 
to 7′), 0.88 (t, J = 6.5 Hz, 6H, CH2 8ʹ);
 13
C {
1
H} NMR(101 MHz, CDCl3) δ 163.9 (1C, q, 
C=O), 163.8 (1C, q, C=O), 162.8 (1C, q, C=O), 149.7 (Ar), 136.1 (Ar), 135.9 (Ar), 133.0 
(Ar), 130.2 (Ar), 129.9 (Ar), 129.2 (Ar), 128.5 (Ar), 126.5 (Ar), 124.7 (Ar), 124.5 (Ar), 122.6 
(Ar), 121.4 (Ar), 118.3 (Ar), 114.0 (Ar), 103.9 (Ar), 53.8, 41.2, 41.1, 32.2, 30.0, 29.7, 29.6, 
28.5, 28.4, 27.49, 26.2, 23.0, 14.4 (2C, CH2 8′); UV (CH2Cl2) λmax, nm (ε) 682 (17,400), 435 
(10,600); IR (ATR) νmax cm
−1
 2956 (CH stretch, Ar), 2924 (CH stretch, Ar), 2854 (CH 
stretch, Ar), 2212 (C≡N stretch, nitrile), 1692 (C=O stretch, imide), 1650 (C=O stretch, 
imide), 1599, 1580, 1551, 1506, 1430, 1385, 1331; m/z (ESI) [MH
+
] 709.3787 (C48H56N4O6 + 
H
+ 
requires 709.3754). 
 
7.2.8 N,Nʹ-Bis(n-Octyl)-1-Cyano-6/7-Piperidinylperylene-3,4:9,10-
Tetracarboxylic Acid Diimide 23a 
 
A slurry of 14a (201 mg, 0.26 mmol) with piperidine (4 mL) and 1,4-dioxane (4 mL) was 
warmed to 323 K for 8.5 h, under N2. The reaction was cooled to 298 K, then stirred for 18 h 
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to give a dark green solution. The reaction was quenched by addition of 1M HCl (50 mL), 
where a green precipitate appeared. CH2Cl2 (50 mL) was added, and the dark green CH2Cl2 
solution separated from the aqueous HCl layer. The CH2Cl2 solution was washed with water 
(ca. 250 mL), then brine (2  100 mL), before drying over Na2SO4. The product was purified 
by repeated flash column chromatography until pure by TLC and dried under reduced 
pressure to leave a dark green amorphous powder (132 mg). 1H NMR and HRMS-ESI 
indicated that 20a is also present, the exact quantity of which could not be accurately 
determined due to significant overlap of chemical shifts of the two compounds.  
The crude 17a (132 mg), Pd2(dba)3 (16 mg, 17 μmol), DPPF (20 mg, 36 μmol) and Zn(CN)2 
(55 mg, 468 μmol) were dissolved in 1,4-dioxane (10 mL) and stirred at ca. 363 K for 4 d 
under N2. TLC analysis indicated complete consumption of the starting material. The reaction 
was cooled to 298 K and added to brine (ca. 50 mL) to precipitate the crude product and 
excess reagents. The solids were collected on an alumina filter column, washed with distilled 
water, and the dark green solid product dissolved through the filter column with CH2Cl2 
(ca. 150 mL). The bright green solution was dried by brine wash (2  100 mL) followed by 
stirring over Na2SO4. The crude product was purified by dry flash column chromatography, 
first with CH2Cl2, then toluene/EtOAc (ca. 20:1 by volume) followed by repeated 
recrystallisation from toluene/n-hexane to give 23a (46 mg, 0.064 mmol, 25 % over two 
steps) as a bright green powder: 
1
H NMR (400 MHz, CDCl3) δ 9.40 (d, J = 8.3 Hz, 2H, Ar 
CH 5 and 11), 8.85 (s, 1H, Ar CH 2), 8.74 (d, J = 8.3 Hz, 1H, Ar CH 12), 8.60 (d, J = 7.5 Hz, 
1H, Ar CH 12), 8.59 (s, 1H, Ar CH 8), 4.27 – 4.14 (m, 4H, CH2 1ʹ), 3.58 – 3.42 (m, 2H), 3.17 
– 3.03 (m, 2H), 1.96 – 1.67 (m, 10H, CH2 2ʹ and 3′′ to 5′′), 1.50 – 1.18 (m, 20H, CH2 3′ to 7ʹ), 
0.89 (t, J = 6.1 Hz, 6H, CH2 8ʹ). 
13
C {
1
H} NMR (101 MHz, CDCl3) δ 163.25 (1C, q, C=O), 
163.10 (1C, q, C=O), 162.74 (1C, q, C=O), 162.23 (1C, q, C=O), 162.10 (1C, q, C=O), 
153.06 (q, C≡N), 135.73 (Ar), 135.10 (Ar), 134.95 (Ar), 133.24 (Ar), 130.73 (Ar), 129.75 
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(Ar), 129.09 (Ar), 128.38 (Ar), 127.78 (Ar), 124.87 (Ar), 124.56 (Ar), 124.49 (Ar), 123.43 
(Ar), 121.71 (Ar), 120.15 (Ar), 119.90 (Ar), 104.78 (Ar), 53.18, 40.83, 31.85, 29.36, 29.25, 
28.14, 28.09, 27.16, 25.76, 23.69, 22.67, 14.13; mp (DSC) 185 – 220 K (bimodal); UV 
(CH2Cl2) λmax, nm (ε) 653 (17,000), 439 (14,600), 453 (sh), 482 (sh); IR (ATR) νmax cm
−1
 
2923 (CH stretch, Ar), 2853 (CH stretch, Ar), 2217 (C≡N stretch, nitrile), 1695 (C=O stretch, 
imide), 1650 (C=O stretch, imide); m/z (ESI) [M
−
] 722.3833 (C46H50N4O4 requires 
722.3832). 
7.2.8.1 Components of the Intermediate Mixture: 
7.2.8.2 N,N′-Bis(n-Octyl)-1-Bromo-6/7-Piperidinylperylene-3,4:9,10-Tetracarboxylic Acid 
Diimide 17a 
1
H NMR (400 MHz, CDCl3) δ 9.34 (d, J = 8.3 Hz, 1H), 9.29 (d, J = 8.1 Hz, 1H), 8.73 (s, 1H), 
8.53 (d, J = 8.2 Hz, 1H), 8.44 (s, 1H), 8.43 (s, 1H), 4.27 – 4.09 (m, 4H), 3.48 – 3.28 (m, 2H), 
3.05 – 2.79 (m, 2H), 1.82 – 1.67 (m, 10H), 1.56 – 1.15 (m, 20H), 0.88 (t, J = 6.7 Hz, 6H). 13C 
{
1
H} NMR (101 MHz, CDCl3) δ 163.5, 163.4, 163.0, 162.5, 152.0, 137.7, 135.2, 134.1, 
132.6, 130.8, 129.8, 129.4, 128.2, 127.2, 127.0, 124.1, 123.8, 123.6, 123.1, 123.0, 121.6, 
120.8, 120.5, 118.4, 53.0, 40.7, 31.9, 29.37, 29.3, 28.2, 27.2, 25.7, 23.7, 22.7, 14.1; m/z (ESI) 
775.3013 [M
−
] (C45H50BrN3O4 requires 775.2985). 
 
7.2.8.3 N,N′-Bis(n-Octyl)-1,6/7-Dipiperidinylperylene-3,4:9,10-Tetracarboxylic Acid 
Diimide 20a 
20a was identified by 
1
H NMR and HR-MS ESI as an impurity in synthesis of 23a: 
1
H NMR 
(400 MHz, CDCl3) δ 9.73 (d, J = 8.3 Hz, 1H), 8.62 (d, J = 8.2 Hz, 1H), 8.39 (s, 1H), 4.27 – 
4.12 (m, 4H), 3.42 – 3.32 (m, 4H), 2.93 – 2.79 (m, 4H), 1.95 – 1.68 (m, 16H), 1.51 – 1.19 (m, 
20H), 0.87 (t, 6H); m/z  (ESI) [M
−
] 780.4606 (C50H60N4O4 requires 780.4615). 
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7.2.9 N,N′-Bis(n-Octyl)-1-Cyano-6/7-Morpholinylperylene-3,4:9,10-
Tetracarboxylic Acid Diimide 24a 
7.2.9.1  Method A 
 
18a (104 mg, 0.13 mmol), Pd2(dba)3 (12 mg, 13 μmol), DPPF (16 mg, 28 μmol) and Zn(CN)2 
(47 mg, 13 mmol) were dissolved in 1,4-dioxane (10 mL) were heated at 364 K for 3 d under 
N2. The reaction was cooled to 298 K and the reaction mixture added to an aqueous NaCl 
solution (ca. 200 g/L) to precipitate the crude product and excess Zn(CN)2. The solids were 
collected on an alumina filter and washed with distilled water and EtOH, dried on the filter 
then the product dissolved through the filter with CH2Cl2 (ca. 250 mL). The CH2Cl2 solution 
was washed with brine (100-200 mL), dried (Na2SO4), and the solvents removed under 
reduced pressure to leave a dark green film. The crude product was purified by repeated dry 
flash column chromatography (silica, CH2Cl2, gradient CH2Cl2/n-hexane, gradient 
CH2Cl2/EtOAc) to give 24a (50 mg 69 μmol, 52%) as an amorphous green powder: 
1
H NMR 
(400 MHz, CDCl3) δ 9.78 (d, J = 8.3 Hz, 1H, Ar CH 5), 9.40 (d, J = 8.2 Hz, 1H, Ar CH 11), 
8.84 (s, 1H, Ar CH 2), 8.74 (d, J = 8.5 Hz, 1H, Ar CH 6), 8.63 (d, J = 8.0 Hz, 1H, Ar CH 12), 
8.55 (s, 1H, Ar CH 8), 4.25 – 4.12 (m, 4H, CH3 1′), 4.02 – 3.86 (m, 3H), 3.50 – 3.39 (m, 1H), 
3.26 – 3.14 (m, 2H), 1.82 – 1.68 (m, 4H, CH3 2′), 1.49 – 1.19 (m, 20H, CH3 3′ to 7ʹ), 0.87 (t, 
J = 6.8 Hz, 6H, CH3 8ʹ). 1,6-regioisomer chemical shifts: δ 9.83 (d, J = 8.3 Hz, 1H, Ar CH 5), 
9.35 (d, J = 8.7 Hz, 1H, Ar CH 11), 8.70 (d, J = 9.1 Hz, 1H, Ar CH 6), 8.69 (s, 1H, Ar CH 2), 
8.65 (d, J = 8.2 Hz, 1H, Ar CH 12), 8.62 (s, 1H, Ar CH 8); 
13
C {
1
H} NMR (101 MHz, 
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CDCl3) δ 163.1 (1C, q, C=O), 162.9 (1C, q, C=O), 162.6 (1C, q, C=O), 162.1 (1C, q, C=O), 
152.3, 152.0, 135.9, 135.8, 133.8, 133.1, 130.8, 128.6, 125.2, 124.4, 123.9, 121.0, 66.3, 
51.76, 51.5, 41.0, 40.9, 40.8, 31.8, 29.3, 29.2, 28.1, 27.1, 22.7, 14.1; mp (DSC) 190 – 198 °C 
(peak = 195 °C); UV (CH2Cl2) λmax nm (ε) 614 (15,900), 444 (10,000); IR (ATR) νmax cm
−1
 
2953 (CH stretch, Ar), 2921 (CH stretch, Ar), 2850 (CH stretch, Ar), 2219 (C≡N stretch, 
nitrile), 1695 (C=O stretch, imide), 1650 (C=O stretch, imide); m/z (ESI) [M
−
] 724.3629 
(C45H48N4O5 requires 724.3625); Anal. Calcd for C45H48N4O5: C, 74.56; H, 6.67, N 7.73. 
Found: C, 74.695; H, 6.75; N, 7.705. 
 
7.2.9.2 Method B 
 
18a (198 mg, 256 μmol), Pd(OAc)2 (5.8 mg, 26 μmol), DPPF (14.5 mg, 26 μmol) and 
Zn(CN)2 (ca. 125 mg, ca. 1 mmol) were dissolved in 1,4-dioxane (12 mL) were stirred at 
367 K under N2 for 25 h at which time TLC analysis confirmed 18a to have been fully 
consumed. The reaction was cooled to 298 K and poured into distilled water (100 mL) 
causing a dark green solid to precipitate. The solids were collected on an alumina filter and 
washed with distilled water (ca. 80 mL) then dissolved through the filter with CHCl3 (ca. 500 
mL). The dark blue-green CHCl3 solution was washed with brine (2  ca. 200 mL), dried 
(MgSO4) and the solvents were removed under reduced pressure to leave the crude product as 
an amorphous dark green film. The crude product was purified by dry flash column 
 
P a g e  | 143 
 
Chapter 7 
chromatography (silica, CHCl3/EtOAc, ca. 0.5% EtOAc by volume) then repeat precipitation 
from concentrated toluene solution with MeOH. The resulting precipitate was dried under 
reduced pressure to give 24a (121 mg, 0.17 mmol, 66%) as an amorphous dark green solid:
 
1
H NMR (400 MHz, CDCl3) δ 9.78 (d, J = 8.3 Hz, 1H, Ar CH 5), 9.40 (d, J = 8.2 Hz, 1H, Ar 
CH 11), 8.84 (s, 1H, Ar CH 2), 8.74 (d, J = 8.5 Hz, 1H, Ar CH 6), 8.63 (d, J = 8.0 Hz, 1H, Ar 
CH 12), 8.55 (s, 1H, Ar CH 8), 4.25 – 4.12 (m, 4H, CH3 1ʹ), 4.02 – 3.86 (m, 4H, CH2 3ʹʹ and 
5ʹʹ), 3.50 – 3.39 (m, 2H, CH2 2ʹʹ and 6ʹʹ), 3.26 – 3.14 (m, 2H, CH2 2ʹʹ and 6ʹʹ), 1.82 – 1.68 (m, 
4H, CH3 2ʹ), 1.49 – 1.19 (m, 7H, CH3 3′ to 7ʹ), 0.87 (t, J = 6.8 Hz, 6H, CH3 8ʹ); mp (DSC) 
202 – 215 °C (peak = 212 °C); UV (CH2Cl2) λmax, nm (ε) 613 (17,000), 444 (12,400); IR 
(ATR) νmax cm
−1
 2957 (CH stretch, Ar), 2923 (CH stretch, Ar), 2853 (CH stretch, Ar), 2216 
(C≡N stretch, nitrile), 1699 (C=O stretch, imide), 1657 (C=O stretch, imide), 1600, 1587; 
Anal. Calcd for C45H48N4O5: C, 74.56; H, 6.67, N 7.73. Found: C, 74.645; H, 6.685; N, 7.74. 
 
7.2.10 N,Nʹ-Bis(n-Octyl)-1,6/7-Dicyanoperylene-3,4:9,10-
Tetracarboxylic Acid Diimide 25a72 
7.2.10.1 Method A 
 
14a  (499 mg, 0.65 mmol), Zn(CN)2 (ca. 96 mg, ca. 0.82 mmol), Pd2(dba)2 (19 mg, 21 μmol)  
and DPPF (24 mg, 44 μmol) were dissolved in 1,4-dioxane (15 mL) and stirred at 367 K for 
3 d. The progress of the reaction was checked by TLC and found to be incomplete so 
Zn(CN)2 (ca. 90 mg, ca. 0.77 mmol) and 1,4-dioxane (10 mL) were added. The reaction was 
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again warmed to 367 K and stirred for a further 2 d. TLC of a sample from the reaction at this 
stage confirmed it to be complete. The reaction was cooled to 298 K and added to distilled 
water (ca. 50 mL) to precipitate product and zinc cyanide. The solids were collected on an 
alumina filter and washed with distilled water. The red powder was dissolved through the 
filter column with CHCl3 (ca. 400 mL) to give a bright orange solution. The solvents were 
removed under reduced pressure and the crude product purified by dry flash column 
chromatography (silica, CHCl3) to give 25a (330 mg, 0.50 mmol, 77 %) as a fine, bright red 
powder: 
1
H NMR (400 MHz, CDCl3) δ, 9.70 (d, J = 8.2 Hz, 2H, Ar CH 5 and 11), 8.98 (s, 
2H, Ar CH 2 and 8), 8.93 (d, J = 8.2 Hz, 2H, Ar CH 6 and 12), 4.32 – 4.07 (m, 4H, CH2 1ʹ), 
1.86 – 1.65 (m, 4H, CH2 2ʹ), 1.48 – 1.20 (m, 20H, CH2 3ʹ to 7ʹ), 0.93 – 0.82 (t, J = 6.6 Hz, 
6H, CH3 8ʹ), 1,6-regioisomer shifts: δ 9.71 (d, J = 8.2 Hz, 2H, Ar CH 7 and 12 ), 9.03 (s, 2H, 
Ar CH 2 and 8), 8.87 (d, J = 8.2 Hz, 2H, Ar CH 5 and 11); mp 298-301 °C (lit. 300 K);103 m/z 
(ESI) 664 (C42H40N4O4 requires 664.3050). 
 
7.2.11 N,Nʹ-Bis(n-Octyl)-1,6/7-Dicyanoperylene-3,4:9,10-
Tetracarboxylic Acid Diimide 25a72 
7.2.11.1 Method B 
 
14a (0.50 g, 0.65 mmol), Zn(CN)2 (ca. 0.32 g, ca. 2.68 mmol), Pd(OAc)2 (11 mg, 49 μmol)  
and DPPF (34 mg, 61 μmol) were dissolved in 1,4-dioxane (35 mL) and stirred at 367 K for 
18 h. The reaction was cooled to 298 K and added to 100 mL distilled water to precipitate 
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product and Zn(CN)2. The solids were collected on an alumina filter and washed with 
distilled water. Zn(CN)2 and other insoluble impurities were removed by washing the product 
through the filter column with CHCl3 (ca. 400 mL), the bright orange CHCl3 solution was 
dried by brine wash then stirring over MgSO4. The solvent volume was reduced to ca. 30 mL 
by rotary evaporation to leave a slurry of red powder in a darker red liquid. MeOH (200 mL) 
was added and the red precipitate collected on P4 sintered glass filter and the product further 
purified on a short dry flash column of silica with CHCl3 as eluent. Solvents were removed 
under reduced pressure to give 25a (0.42 g, 0.64 mmol, 98%) as a bright red powder 
confirmed >95% pure by
 
NMR: 
1
H NMR (400 MHz, CD2Cl2) δ 9.70 (d, J = 8.0 Hz, 1 H, Ar 
CH 5 and 11), 8.98 (s, 1 H, Ar CH 2 and 8), 8.91 (d, J = 8.3 Hz, 1 H, Ar CH 6 and 12), 4.26 – 
4.16 (m, 4 H, CH2 1ʹ), 1.82 – 1.71 (m, 4 H, CH2 2ʹ), 1.50 – 1.25 (m, 20H, CH2 3ʹ to 2ʹ), 0.90 
(t, J = 6.6 Hz, 6H), 1,6-isomer shifts: 
1
H NMR (400 MHz, CDCl3) δ 9.72 (d, J = 8.2 Hz, 2H, 
Ar CH 8 and 11), 9.04 (s, 2H, Ar CH 2 and 5), 8.85 (d, J = 8.1 Hz, 2H, Ar CH 7 and 12); mp 
301-302 °C (lit. 300 K);103 UV (CH2Cl2) λmax nm (ε) 524 (56,000), 488 (36,400). 
 
7.2.12 N,Nʹ-Bis(2,2,3,3,4,4,4-Heptafluorobutyl)-1,6/7-
Dibromoperylene-3,4:9,10-Tetracarboxylic Acid Diimide 14b35 
 
A suspension of 3 (2.00 g, 3.63 mmol), in N-methyl pyrrolidinone (60 mL), acetic acid (1.55 
mL, 27 mmol) and heptafluorobutylamine (3 mL, 10.50 mmol) was stirred at 363 K for 6 h. 
The reaction mixture was cooled to 298 K and the deep red product precipitated by addition 
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of HCl (2 M, 300 mL). The red solid was extracted via filtration, washed with n-hexane and 
dried for 18 h in air. It was then purified by flash column chromatography (silica, 1:1 
CH2Cl2/n-hexane). Solvents were removed under reduced pressure to leave a red powder. The 
product was further purified by recrystallisation from a CH2Cl2/n-hexane solution to obtain 
14b (2.98 g, 3.27 mmol, 93% yield) as orange crystalline flakes: 
1
H NMR (400 MHz, CDCl3) 
9.45 (d, J = 8.2, 2 H, Ar CH 5 and 11), 8.91 (s, 2H,  Ar CH 2 and 8), 8.70 (d, J = 8.2, 2 H, Ar 
CH 6 and 12), 4.99 (m, 4H, CH2 1ʹ), 
19
F NMR (377 MHz, CDCl3) −80.43 (t, J = 10.5, 6F, 
CF3 4′), −115.99 (d, J = 12.2, 4F, CF2 3′), −127.69 (br s, 4F, CF2 2′); 
13
C NMR (101 MHz, 
CDCl3)
 13
C NMR (101 MHz, CDCl3) δ 162.5 (2C, q, C=O), 162.0 (2C, q, C=O), 138.7 (Ar), 
133.6 (Ar), 133.4 (Ar), 130.8 (Ar), 129.42 (Ar), 128.8 (Ar), 127.1 (Ar), 122.4 (Ar), 122.0 
(Ar),  121.2 (Ar),  39.7 (2C, 1′ to 4′), 38.66 (2C, 1′ to 4′), 38.45 (2C, 1′ to 4′), 38.23 (2C, 1′ to 
4′). UV (CH2Cl2) λmax, nm (ε) 526 (32,700), 490 (22,000); m/z (ESI) [M
−
] 911.8820, 
(C32H10Br2F14N2O4 requires 911.8783). 
 
7.2.13 N,Nʹ-Bis(2,2,3,3,4,4,4-Heptafluorobutyl)-1-Bromo-6/7-
Pyrrolidinylperylene-3,4:9,10-Tetracarboxylic Acid Diimide 16b102 
 
14b (0.10 g, 0.11 mmol) was dissolved in CH2Cl2 (15 mL) to produce a bright orange 
solution. Pyrrolidine was added (6  0.1 mL, 73 mmol) at half hour intervals, then left to stir 
for a further 15 h, resulting in a dark green solution. The reaction was quenched with the 
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addition of HCl (2 M, 30 mL), dried by brine wash followed by stirring over Na2SO4. The 
CH2Cl2 was removed under reduced pressure to leave a dark green solid. The crude product 
was purified by flash column chromatography (silica, CH2Cl2/n-hexane, ca. 2:1 by volume) 
gave 16b (68 mg, 75 μmol, 69 %) as flaky dark green powder: 1H NMR (400 MHz, CDCl3) δ 
9.17 (d, J = 8.2 Hz, 1H, Ar CH 5), 8.59 (s, 1H, Ar CH 2), 8.55 (d, J = 8.1 Hz, 1H, Ar CH 11), 
8.39 (s, 1H, Ar CH 8), 8.30 (d, J = 8.3 Hz, 1H, Ar CH 12), 7.03 (d, J = 8.0 Hz, 1H, Ar CH 6), 
5.12 – 4.90 (m, 4H, CH2 1ʹ), 3.76 – 3.50 (m, 2H, CH2 2′′ and 5ʹ′), 2.86 – 2.52 (m, 2H, CH2 2′′ 
and 5ʹ′), 2.23 – 2.04 (m, 2H, CH2 3′′ and 4ʹ′), 2.04 – 1.88 (m, 2H, CH2 3′′ and 4ʹ′). 1,6-
regioisomer chemical shifts: δ 9.25 (d, J = 8.2 Hz, 1H, Ar CH 11), 8.49 (s, 1H, Ar CH 2), 
8.42 (s, 1H, Ar CH 5), 7.13 (d, J = 7.9 Hz, 1H, Ar CH 7); 
19
F NMR (377 MHz, CDCl3) δ 
−80.51 (t, J = 7.5 Hz, 6F, CF3 4′), −116.01 to −116.08 (m, 4F, CF2 3′), −127.82 (m, 4F, CF2 
2′); 13C {1H} NMR (101 MHz, CDCl3) δ 163.3 (1C, q, C=O), 162.9 (1C, q, C=O), 162.6 (1C, 
q, C=O), 162.1 (1C, q, C=O), 148.1, 137.6, 134.5, 134.1, 131.3, 130.9, 129.8, 129.3, 129.0, 
127.8, 126.9, 126.2, 125.5, 125.3, 123.3, 122.3, 122.2, 122.0, 121.9, 121.8, 120.0, 117.2, 
116.2, 117.1,  115.0, 114.2, 114.2, 52.9 (2C, CH2 2′′ and 5′′), 38.5 – 38.0 (2C, CH2 1′), 25.7 
(2C, CH2 3′′ and 4′′); mp > 200 °C (phase change observed at 176 - 178 °C); (CH2Cl2) λmax 
nm (ε) 668 (28,300), 437 (17,700); IR (ATR) νmax cm
−1
 2923, 2856, 1712, 1665, 1576, 1418, 
1340; m/z (ESI) [M
−
] 903.0296 (C36H18BrF14N3O4 requires 903.0413).  
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7.2.14 N,Nʹ-Bis(2,2,3,3,4,4,4-Heptafluorobutyl)-1-Bromo-6/7-
Piperidinylperylene-3,4:9,10-Tetracarboxylic Acid Diimide 17b102 
 
A suspension of 14b (0.20 g, 0.22 mmol) in anhydrous 1,4-dioxane (10 mL) was stirred until 
the red powder became a bright orange solution. Piperidine (3.0 mL, 30 mmol) was added 
dropwise over 15 min and the reaction stirred for 3 d. The reaction was quenched with 
aqueous HCl (1M, 40 mL) and the resulting green precipitate collected on a sintered glass 
filter. The crude product was dissolved through the filter with CH2Cl2 (ca. 500 mL) then 
washed with brine (2  ca. 200 mL) and dried (Na2SO4). The crude product was purified by 
flash column chromatography (silica, CH2Cl2). The CH2Cl2 was removed  under reduced 
pressure to give 17b (162 mg, 0.18 mmol, 80 %) as a dark green powder: 
1
H NMR (400 
MHz, CDCl3) δ 9.28 (d, J = 8.2 Hz, 1H, Ar CH 5), 9.13 (d, J = 8.3 Hz, 1H, Ar CH 11), 8.66 
(s, 1H, Ar CH 2), 8.57 (d, J = 8.3 Hz, 1H, Ar CH 6), 8.46 (d, J = 8.2 Hz, 1H, Ar CH 12), 8.40 
(s, 1H, Ar CH 8), 5.26 – 4.81 (m, 4H, CH2 1′), 3.50 – 3.24 (m, 2H, CH2 2′′ and 6′′), 3.09 – 
2.87 (m, 2H, CH2 2′′ and 6′′), 2.00 – 1.81 (m, 1H, CH2 4′′), 1.81 – 1.69 (m, 2H, CH2 3′′ and 
5′′), 1.63 – 1.46 (m, 1H, CH2 4′′); 
13
C {
1
H} NMR (101 MHz, CDCl3) δ 163.1 (1C, q, C=O), 
162.7 (1C, s, C=O), 162.3 (1C, q, C=O), 162.1 (1C, q, C=O), 151.9, 138.1, 135.2, 134.2, 
132.6, 131.3, 129.7, 129.2, 128.3, 127.2, 127.1, 124.7, 123.4, 122.7, 122.2, 120.5 (Ar), 120.1, 
119.5,  118.5, 114.9, 53.0 (2C, CH2 2′′ and 6′′), 38.6 – 38.1 (2C, CH2 1′), 25.6 (2C, CH2 3′′ 
and 5′′), 23.6 (1C, CH2 4′′); mp > 200 °C; λmax (CH2Cl2) nm (ε) 449 (17,200), 642 (19,000); 
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IR (ATR) cm
−1
 2856 (CH stretch, Ar), 1715 (C=O stretch, imide), 1676 (C=O stretch, imide), 
1583, 1411; m/z (ESI) [M
−
] 917.0430 (C37H20BrF14N3O4 requires 917.0570). 
 
7.2.15 N,Nʹ-Bis(2,2,3,3,4,4,4-Heptafluorobutyl)-1-Bromo-6/7-
Morpholinylperylene-3,4:9,10-Tetracarboxylic Acid Diimide 18b102 
 
14b (21 mg, 22 μmol), 1,4-dioxane (3 mL) and morpholine (1 mL, 12 mmol) were stirred at 
298 K for 2 d. The crude product was quenched with aqueous HCl (2 M, 20 mL, 40 mmol), 
and precipitated with distilled water (50 mL). The dark grey solid was collected on a sintered 
glass filter, then dissolved in CH2Cl2 (ca. 200 mL), washed with brine (2  ca. 100 mL) and 
dried (Na2SO4). The blue-green crude product was purified by flash column chromatography 
(silica, CH2Cl2). The solvent was removed under reduced pressure to leave 18b (17 mg, 19 
μmol, 84 %) as a dark blue-green solid: 1H NMR (400 MHz, CDCl3) δ 9.57 (d, J = 8.3 Hz, 
1H, Ar CH 5), 9.34 (d, J = 8.2 Hz, 1H, Ar CH 11), 8.74 (s, 1H, Ar CH 2), 8.61 (d, J = 8.3 Hz, 
1H, Ar CH 6), 8.52 (d, J = 8.2 Hz, 1H, Ar CH 12), 8.42 (s, 1H, Ar CH 8), 5.13 – 4.90 (m, 4H, 
CH2 1′), 4.02 – 3.80 (m, 4H, CH2 3′′ and 5′′), 3.45 – 3.32 (m, 2H, CH2 2′′ and 6′′), 3.20 – 3.02 
(m, 2H, CH2 2′′ and 6′′); 
19F NMR δ (377 MHz, CDCl3) δ –80.43 (t, J = 11.31, 6F, CF2 4′), 
−115.91 to −116.01 (m, 4F, CF2 3′), −127.72 (d, 4F, J = 18.8, CF2 2 ′); 
13
C {
1
H} NMR (101 
MHz, CDCl3) δ 162.9 (q, C=O), 162.6 (q, C=O), 162.2 (q, C=O), 161.9 (q, C=O), 151.2 (Ar), 
138.3 (Ar), 134.9 (Ar), 134.2 (Ar), 133.0 (Ar), 131.2 (q, Ar 129.7 (Ar), 129.4 (Ar), 128.5 
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(Ar), 128.1 (Ar), 127.2 (Ar), 124.3 (Ar), 124.1 (Ar),  123.8 (Ar), 123.6 (Ar), 123.0 (Ar), 
122.3 (Ar), 121.6 (Ar), 120.8 (Ar), 120.3 (Ar), 119.2 (Ar), 114.9 (Ar),  66.2 (2C, CH2 3′′ and 
5′′), 51.6 (2C, CH2 2′′ and 6′′), 38.6 – 38.1 (2C, CH2 1′); mp >200 °C (phase change observed 
at 172 – 175 °C); UV (CH2Cl2) λmax nm (ε) 607 (20,900), 449 (15,400); IR (ATR) νmax cm
−1
 
2852 (CH stretch, Ar), 1713 (C=O stretch, imide), 1673 (C=O stretch, imide), 1587, 1415;  
m/z (ESI) [M
−
] 920.0292 (C36H18BrF14N3O5 requires 920.4427).  
 
7.2.16 N,N′-Bis(2,2,3,3,4,4,4-Heptafluorobutyl)-1-Cyano-6/7-
Pyrrolidinylperylene-3,4:9,10-Tetracarboxylic Acid Diimide 22b 
 
A solution of 16b (117 mg, 0.13 mmol), Zn(CN)2 (48 mg, 0.39 mmol), Pd2(dba)3 (12 mg, 13 
μmol) and DPPF (15 mg, 29 μmol) in anhydrous 1,4-dioxane (6 mL) was heated to 373 K 
under N2 for 22 h. The reaction was cooled to 298 K and a 0.2 mL sample was extracted for 
TLC analysis. TLC showed 16b to still be present, so a solution of Pd2(dba)3 (6 mg, 7 μmol) 
and DPPF (8 mg, 15 μmol) in anhydrous 1,4-dioxane (5 mL) was added and the reaction 
heated to 369 K under N2 for 2 d. The reaction was cooled to 298 K and TLC analysis of a 
second sample confirmed that all 16b was consumed. Brine was added (100 mL) to 
precipitate the green solid product and excess Zn(CN)2. The excess Zn(CN)2 was removed by 
collecting the solids on an alumina filter and dissolving the product through the filter with 
CH2Cl2, leaving the Zn(CN)2 on the filter. The CH2Cl2 solution was dried (Na2SO4) and the 
solvent removed under reduced pressure to leave crude product as a dark green film. The 
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crude product was purified by flash column chromatography (silica, CH2Cl2). The solvent 
was removed under reduced pressure to leave 22b (46 mg, 54 μmol, 66 %) as a bright green 
powder: 
1
H NMR (400 MHz, CDCl3) δ 9.37 (d, J = 8.2 Hz, 1H, Ar CH 5), 8.80 (d, J = 8.0 
Hz, 1H, Ar CH 11), 8.80 (s, 1H, Ar CH 2), 8.61 (s, 1H, Ar CH 8), 8.50 (d, J = 8.3 Hz, 1H, Ar 
CH 12), 7.20 (d, J = 8.1 Hz, 1H, Ar CH 6), 5.14 – 4.91 (m, 4H, CH2 1′), 3.89 – 3.69 (m, 2H, 
CH2 2′′ and 5′′), 2.94 – 2.69 (m, 2H, CH2 2′′ and 5′′), 2.29 – 2.13 (m, 2H, CH2 3′′ and 4′′), 
2.13 – 1.94 (m, 2H, CH2 3′′ and 4′′); 
19
F NMR (377 MHz, CDCl3) δ −80.49 (br s, 3F, CF2 4′), 
−116.00 (br s, 4F, CF2 3′), −127.80 (br s, 4F, CF2 2′); 
13
C {
1
H} NMR (101 MHz, CDCl3) δ 
163.5 (1C, C=O), 163.0 (1C, C=O), 162.6 (1C, C=O), 162.0 (1C, C=O), 149.3, 136.2, 133.3, 
130.0, 129.8, 129.3, 128.9, 128.2, 126.5, 124.2, 123.4, 123.1, 119.9, 199.8, 117.0, 53.4 (2C, 
CH2 2′′ and 5′′), 38.5 – 38.3 (2C, CH2 1′), 25.83 (2C, CH2 3′′ and 4′′); mp > 200 °C (phase 
change observed at 196 - 198 °C); UV (CH2Cl2) λmax nm (ε) 682 (22,800), 427 (16,100); IR 
(ATR) νmax cm
−1
 2977 (CH stretch, Ar), 2223 (C≡N stretch, nitrile), 1712 (C=O stretch, 
imide), 1672 (C=O stretch, imide), 1601, 1583, 1551; m/z (ESI) [M
−
] 848.1089 
(C37H18BrF14N4O4 requires 848.1104). 
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7.2.17 N,N′-Bis(2,2,3,3,4,4,4-Heptafluorobutyl)-1-Cyano-6/7-
Piperidinylperylene-3,4:9,10-Tetracarboxylic Acid Diimide 23b 
 
A solution of 17b (154 mg, 0.168 mmol), Zn(CN)2 (59 mg, 0.50 mmol), Pd2(dba)3 (18 mg, 20 
μmol) and DPPF (24 mg, 44 μmol) in anhydrous 1,4-dioxane (10 mL) was heated to 370 K 
under N2 for 86 h, during which time the solvent had evaporated to leave a green solid. 
Dissolution in 1,4-dioxane and analysis by TLC showed that all starting material was 
consumed. Brine was then added (50 mL) to precipitate the green solid product. The excess 
Zn(CN)2 was removed by collecting the solids on an alumina filter and dissolving the  
product through the filter with CH2Cl2, leaving the Zn(CN)2 on the filter. The CH2Cl2 
solution dried (Na2SO4) and the solvent removed under reduced pressure to leave a dark 
green film. The crude product was purified by repeated flash column chromatography (silica,  
CH2Cl2). The solvent was removed under reduced pressure to leave 23b (28 mg, 33 μmol, 19 
%) as a bright green powder: 
1
H NMR (400 MHz, CDCl3) δ 9.45 (d, J = 8.2 Hz, 1H, Ar CH 
5), 9.28 (d, J = 8.3 Hz, 1H, Ar CH 11), 8.91 (s, 1H, Ar CH 2), 8.81 (d, J = 8.3 Hz, 1H, Ar CH 
6), 8.66 (d, J = 8.2 Hz, 1H, Ar CH 12), 8.66 (s, 1H, Ar CH 8), 5.10 – 5.02 (m, 4H, CH2 1′), 
3.54 – 3.47 (m, 2H, CH2 2′′ and 6′′), 3.23 – 3.17 (m, 2H, CH2 2′′ and 6′′), 1.97 – 1.73 (m, 5 H, 
CH2 3′′, 4′′ and 5′′), 1.65 (m, 1H, CH2 4′′); 
19
F NMR (377 MHz, CDCl3) δ −80.42 (t, J = 10.5 
Hz, 3F, CF3 4′), −115.94 to −115.97 (m, 4F, CF2 3′), −127.70 (d, J = 26.3 Hz, 4F, CF2 2′); 
13
C {
1
H} NMR (101 MHz, CDCl3) δ 163.0 (q, C=O), 162.7 (q, C=O), 162.3 (q, C=O), 162.1 
(q, C=O), 153.1, 140.4, 139.4, 138.8, 136.9, 136.5, 134.6, 134.0, 133.1, 132.4, 131.9, 131.6, 
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131.2, 130.0, 129.4, 128.8, 128.4, 125.8, 125.7, 123.9, 123.8, 123.3, 121.4, 121.0, 119.2, 
118.7, 115.6, 53.2, 25.6, 23.6, 17.0; mp > 200 K (Phase change observed at 206 – 208 K); UV 
(CH2Cl2) λmax nm (ε) 670 (22,600) 436 (20,600); IR (ATR) νmax cm
−1
 2945 (CH stretch, Ar), 
2220 (C≡N stretch, nitrile), 1712 (C=O stretch, imide), 1676 (C=O stretch, imide), 1604, 
1583; m/z (ESI) [M
−
] 862.1241 (Requires 862.1261 for C38H18BrF20N4O4).  
 
7.2.18 N,N′-Bis(2,2,3,3,4,4,4-Heptafluorobutyl)-1-Cyano-6/7-
Morpholinylperylene-3,4:9,10-Tetracarboxylic Acid Diimide 24b 
 
18b (111 mg, 0.12 mmol), Zn(CN)2 (43 mg, 0.36 mmol), Pd2(dba)3 (11 mg, 12 μmol) and 
DPPF (14 mg, 25 μmol) were dissolved in 1,4-dioxane (8 mL) and heated to 369 K under N2 
for 68 h. The reaction was cooled to 298 K and added to brine. The green precipitate was 
collected on an alumina filter and dissolved through the filter with CH2Cl2 (ca. 400 mL) 
leaving the unreacted Zn(CN)2 on the column. The blue-green CH2Cl2 solution was dried 
with anhydrous Na2SO4. The crude product was purified by flash column chromatography 
(silica, CH2Cl2/EtOAc/n-hexane, ca. 2:1:2 by volume) followed by dry flash column 
chromatography (silica, CH2Cl2/EtOAc, ca. 5% EtOAc by volume). The solvents were 
removed under reduced pressure to leave 24b (78 mg, 90 μmol, 75%) as a dark blue-green 
powder: 
1
H NMR (400 MHz, CDCl3) δ 9.75 (d, J = 8.3, 1H, Ar CH 5), 9.47 (d, J = 8.2 Hz, 
1H, Ar CH 11), 8.93 (s, 1H, Ar CH 2), 8.81 (d, J = 8.2 Hz, 1H, Ar CH 6), 8.71 (d, J = 8.2 Hz, 
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1H, Ar CH 12), 8.62 (s, 1H, Ar CH 8), 5.04 (t, J = 15.5 Hz, 4H, CH2 1′), 4.05 – 3.84 (m, 4H, 
CH2 3′′ and 5′′), 3.47 (m, 2H, CH2 2′′ and 6′′), 3.31 – 3.10 (m, 2H, CH2 2′′ and 6′′);
 13
C {1H} 
NMR
 
(101 MHz, CDCl3) δ 162.8 (1C, q, C=O), 162.5 (1C, q, C=O), 162.1 (1C, q, C=O), 
161.8 (1C, q, C=O), 152.5, 138.6, 136.5, 136.5, 134.3, 133.9, 131.8, 131.5, 129.9, 129.4, 
129.2, 129.0, 128.0, 124.7, 124.5, 124.3, 124.0, 124.0, 121.4, 120.9, 120.2, 119.3, 119.1, 
106.0, 66.2, 51.8, 38.4; 
19
F NMR (377 MHz, CDCl3) δ −80.46 (t, J = 8.7, 3F, CF3 4′), 
−115.97 to −115.99 (m, 4F, CF2 3′), −127.70 to −127.74 (m, 4F, CF2 2′); mp 
(microscope/heating stage) >200 °C (phase change observed at 177 - 178 °C); UV (CH2Cl2) 
λmax (ε) 628 nm (20,500), 443 (12,700); IR (ATR) νmax cm
−1
 2930 (CH stretch, Ar), 2857 (CH 
stretch, Ar), 2223 (C≡N stretch, nitrile), 1715 (C=O stretch, imide), 1681 (C=O stretch, 
imide), 1600, 1589, 1417; m/z (ESI) [M
−
] 864.1059 (Requires 864.1053 for 
C37H18BrF14N4O5).  
 
7.2.19 N,N′-Bis(2,2,3,3,4,4,4-Heptafluorobutyl)-1,6/7-
Dicyanoperylene-3,4:9,10-tetracarboxylic acid diimide 25b35 
 
14b (170 mg, 0.18 mmol), DPPF (17 mg, 0.03 mmol), Pd2(dba)3  (7 mg, 0.007 mmol) and 
Zn(CN)2 (170 mg 1.5 mmol) were dissolved in 1,4-dioxane (10 mL). The reaction mixture 
was refluxed under N2 for ca. 34 h, where 
1
H NMR and TLC analysis confirmed all starting 
material 14b to have been consumed. The reaction solution was added to of distilled water 
(200 mL) and brine (12 mL) added to encourage complete precipitation of the red solid 
 
P a g e  | 155 
 
Chapter 7 
product. The precipitate was collected on a filter column of diatomaceous earth and sand, 
then dissolved through the filter with CH2Cl2 (500 mL), leaving the unreacted Zn(CN)2 on 
the filter. The solvent volume was reduced to ca. 200 mL under reduced pressure. The 
fluorescent orange CH2Cl2 solution was washed with brine (2  ca. 100 mL) and dried 
(Na2SO4). The product was purified by dry flash column chromatography (silica, CH2Cl2). 
The solvent was removed under reduced pressure to give 25b (99 mg, 0.12 mmol, 67 %) as a 
fine red powder:
 1
H NMR (400 MHz, CDCl3) δ 9.74 (d, J = 8.1 Hz, 1H, Ar CH 5 and 11), 
9.05 (s, 2H, Ar CH 2 and 8), 9.01 (d, J = 8.1 Hz, 1H, Ar CH 6 and 12), 5.14 – 4.97 (m, 4H, 
CH2 1′); m/z (ESI) [M
−
]  804.0474 (C34H10F14N4O4 requires 804.0478). 
 
7.2.20 N,Nʹ-Bis(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-Pentadecafluorooctyl)-
1,6/7-Dibromo-Perylene-3,4:9,10-Tetracarboxylic Acid Diimide 14c36,102 
 
A mixture of 3 (0.204 g, 0.37 mmol), NMP (16 mL), acetic acid (0.3 mL, 5.2 mmol) and 
2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorooctylamine (4 mL, 2.39 mmol) was stirred at 
363 K for 2 d. The resulting orange solution was then cooled to 298 K and the deep red 
product precipitated by addition of aqueous HCl (2M, 100 mL, 200 mmol). The red solid was 
collected on a sintered glass filter, washed with EtOH and dried for 18 h in air. The crude 
product was dissolved through the filter with CH2Cl2 and the solvent removed under reduced 
pressure. The crude product was purified by flash column chromatography (silica, CHCl3) to 
give 14c (0.363 g, 0.28 mmol, 76 %) as a fine, bright red powder: 1H NMR (400 MHz, 
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CDCl3) δ 9.52 (d, J = 8.2 Hz, 1H, Ar CH 5 and 11), 8.98 (s, 1H, Ar CH 2 and 8), 8.76 (d, J = 
8.1 Hz, 1H, Ar CH 6 and 12), 5.14 – 4.96 (m, 4H, CH2 1ʹ). 
19
F NMR (377 MHz, CDCl3) δ 
−80.76, −115.01 −115.09, −121.59, –121.99, −122.71, −123.40, −126.10; mp > 200 K; UV 
(CH2Cl2) λmax nm (ε) 521 (17,400) (lit. (CHCl3) 527),
36
 486 (12,200); IR (ATR) νmax cm
−1 
2968 (CH stretch, Ar), 2930 (CH stretch, Ar), 1719 (C=O stretch, imide), 1677 (C=O stretch, 
imide), 1597, 1423, 1398, 1345); m/z (ESI) [M
−
] 1311.9 (C40H10Br2F30N2O4 requires 
1309.8528). 
 
7.2.21 N,Nʹ-Bis(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-Pentadecafluorooctyl)-1-
Bromo-6/7-Pyrrolidinylperylene-3,4:9,10-Tetracarboxylic Acid Diimide 
16c102 
 
14b (0.20 g, 0.15 mmol) was dissolved in CHCl3 (20 mL) by 20 min stirring at 298 K. 
Pyrrolidine (1mL, 12.17 mmol) was added dropwise over 15 min and the mixture allowed to 
stir for 2 d. A further 0.5 mL of pyrrolidine (6.08 mmol) was added and the mixture stirred at 
298 K for a further 1 d. The reaction mixture was quenched with aqueous HCl (2M, 30 mL, 
60 mmol). The green organic layer was recovered, washed with brine (2  ca. 50 mL) and 
dried (Na2SO4). The CHCl3 was removed under reduced pressure to leave a dark green crude 
solid which was purified by flash column chromatography (silica, 1:1 CH2Cl2/n-hexane). 
Solvents were removed under reduced pressure to leave 16c (0.12 g, 0.091 mmol, 61%) as a 
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dark green solid;
 1
H NMR (400 MHz, CDCl3) δ 9.38 (d, J = 8.3 Hz, 1H, Ar CH 5), 8.77 (s, 
1H, Ar CH 2), 8.64 (d, J = 8.1 Hz, 1H, Ar CH 11), 8.47 (s, 1H, Ar CH 8), 8.44 (d, J = 8.2 Hz, 
1H, Ar CH 12), 7.19 (d, J = 7.9 Hz, 1H, Ar CH 6), 5.14 – 4.93 (m, 4H, CH2 1ʹ), 3.77 – 3.57 
(m, 2H, CH2 2′′ and 5′′), 2.85 – 2.63 (m, 2H, CH2 2′′ and 5′′), 2.22 – 2.06 (m, 2H, CH2 3′′ and 
4′′), 2.06 – 1.90 (m, 2H, CH2 3′′ and 4′′); 
19
F NMR (377 MHz, CDCl3) δ −80.77 (t, J = 11.3, 
3F, CF2 8′), -115.01 to −115.18 (m, 4F, CF2 7′), −121.60 (m, 4F, CF2 6′), −122.15 (m, 4F, 
CF2 5′), −122.71 (m, 4F, CF2 4′), −123.47 (m, 4F, CF2 3′), −126.08 - −126.17 (m, 4F, CF2 
2′);  13C {1H} NMR (101 MHz, CDCl3) δ 163.4 (q, C=O), 162.8 (q, C=O), 162.3 (q, C=O), 
148.3, 137.8, 134.9, 134.5, 131.6, 131.1, 129.6, 128.1, 125.8, 123.8, 122.4, 122.1, 117.3, 
114.6, 68.1, 53.0, 38.7, 30.3, 25.8, 23.7; mp >200°C (phase change observed at 170 - 172°C); 
UV (CH2Cl2) λmax nm (ε) 666 (26,100) 436 (16,200); IR (ATR) νmax cm
−1
 2923 (CH stretch, 
Ar), 1708 (C=O stretch, imide),  1674 (C=O stretch, imide), 1608, 1583, 1420, 1337; m/z 
(ESI) [M
−
] 1303 (100 %), 1301 (95 %) (Predicted for C44H18BrF14N3O4: 1301 (100 %), 1303 
(97 %)).  
 
7.2.22 N,N′-Bis(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-Pentadecafluorooctyl)-1-
Cyano-6/7-Pyrrolidinylperylene-3,4:9,10-Tetracarboxylic Acid Diimide 22c 
 
16c (107 mg, 82 μmol), Zn(CN)2 (30 mg, 0.25 mmol), Pd2(dba)3 (15 mg, 16 μmol) and DPPF 
(10 mg, 25 μmol) were dissolved in 1,4-dioxane (8 mL) and heated to 353 K under N2 for 
44 h, at which point TLC analysis  showed the reaction to be complete. Brine was added (20 
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mL) to precipitate the green solid product and excess Zn(CN)2 was removed by collecting the 
solids on an alumina filter column and dissolving the product through the filter column, 
leaving the Zn(CN)2 on the column. The crude product was purified by flash column 
chromatography with CH2Cl2 as eluent. The solvent was removed under reduced pressure to 
give 22c (54 mg, 43 μmol, 54%) as a bright green amorphous solid powder:  1H NMR (400 
MHz, CDCl3) δ 9.46 (d, J = 8.3 Hz, 1H, Ar CH 5), 8.87 (s, 1H, Ar CH 2), 8.82 (d, J = 8.1 Hz, 
1H, Ar CH 11), 8.64 (s, 1H, Ar CH 8), 8.57 (d, J = 8.6 Hz, 1H, Ar CH 12), 7.25 (d, J = 8.9 
Hz, 1H, Ar CH 6), 5.18 – 4.94 (m, 4H, CH2 1ʹ), 3.91 – 3.70 (m, 2H, CH2 2′′ and 5′′), 2.89 – 
2.69 (m, 2H, CH2 2′′ and 5′′), 2.28 – 2.12 (m, 2H, CH2 3′′ and 4′′), 2.12 – 1.92 (m, 2H, CH2 
3′′ and 4′′); 19F (377 MHz, CDCl3) δ −80.73 (t, J = 9.1 Hz, 3F, CF3 8′), −115.02 (p, J = 14.3, 
13.3 Hz, 4F, CF2 7′), −121.32 to −121.78 (m, 4F, CF2 6′), −121.79 to −122.17 (m, 4F, CF2 
5′), −122.46 to −122.87 (m, 4F, CF2 4′), −123.16 to –123.56 (m, 4F, 3′), −125.81 to −126.31 
(m, CF2 4F, 2′); 
13
C {
1
H} NMR (101 MHz, CDCl3) δ 162.9 (q, C=O), 162.6 (q, C=O), 162.3 
(q. C=O), 162.1 (q, C=O), 149.4, 141.3, 136.4, 135.0, 134.7, 133.3, 130.5, 128.9, 128.4, 
126.7, 125.3, 125.0, 124.3, 123.8, 123.4, 123.1, 122.5, 122.4, 119.7, 118.5, 117.0, 53.4 (2C, 
CH2 2′′ and 5′′), 29.7 (2C, 1′), 25.8 (2C, CH2 3′′ and 4′′); mp > 200 °C (phase change 
observed at 190-191 °C); UV (CH2Cl2) λmax nm (ε) 690 (15,400), 428 (10,200); IR (ATR) 
νmax cm
−1
 2923 (CH stretch, Ar), 2854 (CH stretch, Ar), 2365 (C≡N stretch, nitrile), 1716  
(C=O stretch, imide), 1677 (C=O stretch, imide), 1602; m/z (ESI) [M
−
] 1248  
(C44H18BrF30N4O4 requires 1248.0849). 
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7.2.23 N,N′-Bis(n-Octadecyl)-1,6/7-Dibromoperylene-3,4:9,10-
Tetracarboxylic Acid Diimide 14d8 
 
A mixture of 3 (2.00 g, 3.64 mmol), octadecyl-1-amine (3.92 g, 14.54 mmol) and propanoic 
acid (12 mL) was stirred at 438 K, under N2, for 3 d, then allowed to cool to 298 K for 18 h. 
The solid product was collected by filtration, washed with aqueous Na2CO3 solution (0.5 M, 
40 mL), distilled water, MeOH, a mixture of MeOH/n-hexane/ethyl acetate (ca. 2:1:1 by 
volume), and finally diethyl ether then dried on the filter for 2 h. The red solid was dissolved 
through the filter with near-boiling CHCl3 (ca. 1 L). Final traces of un-reacted starting 
material were removed by filtering the CHCl3 solution through Celite. The solution was dried 
(Na2SO4), filtered once more through Celite and the solvent removed under reduced pressure. 
The crude product was purified by repeated recrystallisation from CHCl3/2-propanol and 
finally from CHCl3 then dried under reduced pressure to give 14d (1.3 g, 1.23 mmol, 29%) of 
fine, dark red needle-shaped crystals: 
1
H NMR (400 MHz, CDCl3) δ 9.52 (d, J = 8.2 Hz, 2H, 
Ar CH 5 and 11), 8.95 (s, 2H, Ar CH 2 and 8), 8.74 (d, J = 8.2 Hz, 2H, Ar CH 6 and 12), 4.31 
– 4.16 (m, 4H, CH2 1ʹ), 1.78 (m, 4H, CH2 2ʹ), 1.52 – 1.15 (m, 60H), 0.90 (t, J = 6.8 Hz, 6H, 
CH2 18ʹ); IR (ATR) νmax cm
−1
 2958 (CH stretch, Ar), 2916 (CH stretch, Ar), 2847 (CH 
stretch, Ar), 1702 (C=O stretch, imide), 1661 (C=O stretch, imide), 1593 m/z (MALDI) [M
−
] 
1052 (C60H80Br2N2O4 requires 1052.4464). 
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7.2.24 N,N′-Bis(n-Octadecyl)-1,6/7-Dicyanoperylene-3,4:9,10-
Tetracarboxylic Acid Diimide 25d 
 
14d (601 mg, 570 μmol), Pd2(dba)3 (52 mg, 57 μmol), DPPF (68 mg, 120 μmol) and Zn(CN)2 
(70 mg, 596 μmol) were mixed together in 1,4-dioxane (20 mL) and heated to 367 K under 
N2 for 3 d, the reaction was cooled to 298 K and stirred for 18 h. The reaction mixture was 
poured into an aqueous NaCl solution (150 mL, 2:1 brine/distilled water) to precipitate 
products and Zn(CN)2, the solids were collected on an alumina filter and washed with 
distilled water (ca. 100 mL). The product was removed from the filter by washing through 
with warm CHCl3 (ca. 800 mL, at ca. 323 K) to give a bright orange solution. The solution 
was washed with brine (2  ca. 200 mL), dried (Na2SO4) and the solvent was removed under 
reduced pressure to give a dark red powder. The product was purified by recrystallisation 
from hot CHCl3/MeOH, followed by recrystallisation from hot CHCl3/2-propanol to give 25d 
(241 mg, 0.26 mmol, 45%) as a bright red powder: 
1
H NMR (400 MHz, CDCl3) δ 9.74 (d, J 
= 6.7 Hz, 2H, Ar CH 5 and 11), 9.05 (s, 2H, Ar CH 2 and 8), 8.90 (d, J = 8.1 Hz, 2H, Ar CH 
6 and 12), 4.30 – 4.19 (m, 4H, CH2 1′), 1.85 – 1.73 (m, 4H, CH2 1′), 1.51 – 1.20 (m, 60H, 
CH2 3′ to 17′), 0.95 – 0.85 (m, 6H, CH2 18′). 1,6-regioisomer chemical shifts: 9.72 (d, J = 7.2 
Hz, 2H, Ar CH 8 and 11), 9.00 (s, 2H, Ar CH 2 and 5), 8.95 (d, J = 8.2 Hz, 2H, Ar CH 7 and 
12); mp (DSC) 250 – 260 °C (LC at 55 – 65 °C and 150 – 160 °C); UV (thin film) λmax nm 
553, 514, 483 (sh); IR (ATR) νmax cm
−1
 2959 (CH stretch, Ar), 2917 (CH stretch, Ar), 2847 
(CH stretch, Ar), 2226 (C≡N stretch, nitrile), 1705 (C=O stretch, imide), 1656 (C=O stretch, 
imide), 1608, 1463, 1439, 1413; m/z (MALDI) [M
−
] 945 (C62H40N4O4 requires 944.6180). 
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7.3 Kinetic Resolution Experiments and Syntheses 
7.3.1 Preparation of Samples for 1H NMR Analysis 
Samples of ca. 0.1 mL were taken from the reaction, quenched by adding to EtOAc (ca. 2 
mL) and shaking with HCl (1 M, 2-3 mL). CHCl3 (5 mL) and water (3 mL) were added and 
the organic layer separated. The CHCl3/EtOAc solution was dried over MgSO4 with 2-3 
small crystals of Na2CO3. The solution was passed through a sintered glass filter and the 
solvents removed under reduced pressure. The solids were dissolved in CDCl3 and analysed 
by 
1
H NMR.  
 
7.3.2 Kinetic Resolution of N,Nʹ-Bis(n-Octyl)-1,6/7-Dicyanoperylene-
3,4:9,10-Tetracarboxylic Acid Diimide 25a 
25a (100 mg, 0.15 mmol) as a regioisomeric mixture (25a†:25a‡ = 29:71) was dissolved in 
CHCl3 (20 mL) with gentle warming then allowed to cooled 298 K. Piperidine (1.7 mL, 113 
mmol) was added and the reaction stirred at 298 K for ca. 4 h. The reaction was monitored 
during this time by 
1
H NMR of samples prepared as described above. When 25a† was shown 
to have been fully consumed the reaction was quenched by pouring into EtOAc (100 mL) 
causing the unreacted 25a‡ to precipitate. The excess piperidine was quenched with HCl 
(1 M, 150 mL). CHCl3 (200 mL) was added, the organic layer separated and washed with 
distilled water until the aqueous layer was shown to be pH 7. The CHCl3/EtOAc solution was 
dried (MgSO4) and the solvents removed under reduced pressure. To separate the 
regioisomerically pure 25a‡ from the products of the reaction, the crude mixture was 
dissolved in the minimum volume of CH2Cl2, then added to a mixture of EtOAc (200 mL), 
MeOH (20 mL) and n-hexane (20 mL), to give a red precipitate and green solution. The red 
precipitate was collected on a P4 filter and washed with near-boiling n-hexane until the n-
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hexane washes became colourless. The red solid was further purified by dry flash column 
chromatography (silica, CHCl3). Solvents were removed under reduced pressure to give 
regioisomerically pure 25a‡ (47 mg, 71 μmol, 66% of target 17-regioisomer) as a bright red 
powder: 
1
H NMR (400 MHz, CDCl3) δ 9.70 (d, J = 8.1 Hz, 2H, Ar CH 5 and 11), 8.98 (s, 
2H, Ar CH 2 and 8), 8.93 (d, J = 8.2 Hz, 2H, Ar CH 6 and 12), 4.22 (t, J = 7.6 4H, CH2 1ʹ), 
1.76 (p, J = 7.6, 7.2 Hz, 4H, CH2 2ʹ), 1.49 – 1.20 (m, 20H, CH2 3′ to 7ʹ), 0.87 (t, J = 6.5 Hz, 
6H, CH2 8ʹ); mp 299 – 302 °C (+ sublimation); m/z (ESI) [M
−
] 664.3047 (C42H40N4O4 
requires 664.3050). 
The green product 26a was isolated by dry flash column chromatography (silica, gradient; 
neat n-hexane → ca. 25 % CHCl3 by volume). Solvents were removed under reduced 
pressure to give the bright green powder 26a (27 mg, 36 μmol, 24 %) as a mixture of 26a† 
and 26a‡ (†:‡ ≈ 7:3): 1,6-regioisomer (26a†): 1H NMR (400 MHz, CDCl3) δ 9.43 (d, J = 8.2 
Hz, 1H), 8.95 (s, 1H), 8.88 (s, 1H), 8.63 (s, 1H), 8.57 (d, J = 8.2 Hz, 1H), 4.44 – 4.11 (m, 
7H), 3.25 – 3.14 (m, 1H), 2.64 – 2.56 (m, 1H), 2.11 – 1.96 (m, 1H), 1.92 – 1.65 (m, 7H), 1.53 
– 1.17 (m, 21H), 0.94 – 0.79 (m, 6H). 1,7-regioisomer (26a‡): 1H NMR (400 MHz, CDCl3) δ 
9.34 (d, J = 8.2 Hz, 1H, Ar CH 12), 8.84 (d, J = 8.2 Hz, 1H, Ar CH 11), 8.81 (s, 1H, Ar CH 
8), 8.71 (s, 1H, Ar CH 2), 8.69 (s, 1H, Ar CH 5), 4.44 – 4.12 (m, 6H, CH2 1ʹ and two of CH2 
2′ʹ to 6′′), 3.14 – 3.05 (m, 1H, CH2 2′ʹ to 6′′), 2.56 – 2.48 (m, 1H, CH2 2′ʹ to 6′′), 2.10 – 1.97 
(m, 1H, CH2 2′ʹ to 6′′), 1.91 – 1.65 (m, 7H, CH2 2′ and three of CH2 2′ʹ to 6′′), 1.53 – 1.16 (m, 
21H, CH2 3ʹ to 7′ and one of CH2 2′ʹ to 6′′), 0.87 (t, J = 6.5 Hz, 6H, CH2 3ʹ). 
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7.3.3 Regioisomerically Pure N,Nʹ-Bis(n-Octyl)-1,7-Dicyano-6-
Piperidinylperylene-3,4:9,10-Tetracarboxylic Acid Diimide 26a‡ 
 
Regioisomerically pure 25a‡ (30 mg, 45 μmol) was dissolved in CHCl3 (20 mL). Piperidine 
(3 mL, 30 mmol) was added and the resulting dark red solution stirred at 298 K in air, 
monitoring the reaction by 
1
H NMR, as described above, until all of the starting material was 
shown to have been consumed. HCl (1M, 60 mL, 60 mmol) was added to quench excess 
piperidine, followed by CHCl3 (60 mL). The chlorinated layer was separated and washed 
with distilled water (2 100 mL), then dried (MgSO4). CHCl3 was removed under reduced 
pressure and the crude green product purified by flash column chromatography (silica, 4:1 n-
hexane:CHCl3), followed by dissolving into near-boiling n-hexane and filtering hot. The 
solvents were removed under reduced pressure to give 26a‡ (12 mg, 16 μmol, 36%) as a dark 
green amorphous solid: 
1
H NMR (400 MHz, CDCl3) δ 9.34 (d, J = 8.1 Hz, 1H, Ar CH 12), 
8.84 (d, J = 8.2 Hz, 1H, Ar CH 11), 8.81 (s, 1H, Ar CH 8), 8.70 (s, 1H, Ar CH 2), 8.69 (br s, 
1H, Ar CH 5), 4.30 – 4.13 (m, 6H, CH2 1ʹ and 2 of CH2 2′ʹ to 6′′), 3.16 – 3.02 (m, 1H, CH2 2′ʹ 
to 6′′), 2.60 – 2.45 (m, 2H, CH2 2′ʹ to 6′′), 2.10 – 1.97 (m, 1H, CH2 2′ʹ to 6′′), 1.89 – 1.65 (m, 
7H, CH2 2′ and 3 of CH2 2′ʹ to 6′′), 1.55 – 1.16 (m, 21H, CH2 3ʹ to 7′ and 1 of CH2 2′ʹ to 6′′), 
0.88 (t, J = 6.5 Hz, 6H, CH2 8′). 
13
C {
1
H} NMR (101 MHz, CDCl3) δ 162.8 (1C, q C=O), 
162.7 (1C, q C=O), 162.2 (1C, q C=O), 162.1 (1C, q C=O), 154.0, 139.5, 135.0, 133.14, 
132.6, 131.8, 130.3, 129.5, 127.6, 127.1, 125.6, 125.2, 124.1, 123.0, 122.7, 119.5, 119.3, 
117.7, 109.1, 103.9, 55.2, 48.5, 41.1, 40.9, 31.8, 29.4, 29.3, 29.2, 28.1, 27.1, 27.1, 26.41, 
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25.8, 23.4, 22.7, 14.1; UV (CH2Cl2) λmax nm (ε) 717 (19,900), 493 (sh, 6,600), 464 (sh, 
8,000), 433 (19,800);  m/z (ESI) [M
−
] 747.3768 (C47H49N5O4 requires 747.3785). 
 
7.3.4 N,Nʹ-Bis(n-Octyl)-1,6/7-Dicyano-6/7-Piperidinylperylene-3,4:9,10-
Tetracarboxylic Acid Diimide – Regioisomeric Mixture 26a 
 
25a (25a†:25a‡ = 29:71) (100 mg, 0.15 mmol) was dissolved in CHCl3 (20 mL) with gentle 
heating to ensure full dissolution. Once cooled to 298 K, piperidine (1.7 mL, 17 mmol) was 
added and the reaction stirred at 298 K. The reaction was monitored by 
1
H NMR of samples 
prepared as described above. After 3 h, further piperidine (0.9 mL, 9 mmol) was added and 
the reaction stirred for 14 h to encourage full conversion of both regioisomers. 1H NMR 
analysis at this point showed the reaction to be near completion, but also that a number of by-
products were beginning to form. The reaction was worked up at this point. The reaction 
mixture was poured into EtOAc (70 mL) and excess piperidine was quenched with aqueous 
1M HCl (1 M, 50 mL, 50 mmol). The water-soluble impurities were removed by adding 
CHCl3 (200 mL) and performing repeated liquid-liquid extraction with distilled water until 
the water remained pH 7. The CHCl3/EtOAc solution was then dried (MgSO4) and the 
solvents removed by rotary evaporation. The crude green product was purified by dry flash 
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column chromatography (silica, gradient; neat n-hexane → ca. 15 % EtOAc by volume), 
followed by repeat precipitation of a concentrated EtOAc solution into n-hexane to give 26a 
(58 mg, 0.78 mmol, 52 %) as a dark green amorphous solid: 
1
H NMR (400 MHz, CDCl3) δ 
9.41 (d, J = 8.3 Hz, 1H), 9.32 (d, J = 8.2 Hz, 1H), 8.93 (s, 1H), 8.86 (s, 1H), 8.82 (d, J = 8.2 
Hz, 1H), 8.80 (s, 1H), 8.69 (s, 1H), 8.67 (s, 1H), 8.62 (s, 1H), 8.55 (d, J = 8.3 Hz, 1H), 4.45 – 
4.27 (m, 2H), 4.28 – 4.08 (m, 7H), 3.25 – 3.14 (m, 1H), 3.14 – 3.02 (m, 1H), 2.64 – 2.56 (m, 
1H), 2.56 – 2.48 (m, 1H), 2.11 – 1.96 (m, 1H), 1.92 – 1.64 (m, 7H), 1.56 – 1.20 (m, 21H), 
0.88 (t, J = 6.7 Hz, 6H); 
13
C {H} NMR (101 MHz, CDCl3) δ 163.0, 162.8, 162.7, 162.2, 
162.1, 161.9, 154.0, 139.5, 135.0, 133.1, 132.6, 131.8, 131.1, 129.4, 129.1, 127.6, 127.2, 
126.3, 126.1, 125.6, 125.2, 123.0, 122.7, 119.5, 117.7, 111.0, 109.0, 103.9, 55.2, 48.5, 41.0, 
41.0, 40.9, 31.8, 29.3, 29.3, 29.2, 28.1, 28.1, 28.0, 27.1, 26.5, 26.4, 25.9, 25.8, 23.4, 23.4, 
22.7, 14.1. UV (CH2Cl2) λmax nm (ε) 720 (23,100), 488 (sh, 7,300), 464 (sh, 8,700), 433 
(21,200); IR (ATR) νmax cm
−1
 2923 (CH stretch, Ar), 2853 (CH stretch, Ar), 2217 (C≡N 
stretch, nitrile), 1699 (C=O stretch, imide), 1658 (C=O stretch, imide), 1591, 1534; m/z (ESI) 
[M
−
] 747.3782 (C47H49N5O4 requires 747.3785). 
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8.1 Evaluation of Possible Structural Isomers Part 1: 1H NMR vs. 
GIAO 
8.1.1 Calculating 1H NMR Chemical Shifts 
8.1.1.1 Method 
The method used in this thesis was the GIAO method, which has come to be the preferred 
method to address the “gauge problem” in quantum chemical calculations of chemical shifts, 
primarily due to the ability of this method to work with small basis sets, and therefore save on 
computational cost.
89,90
 
 
8.1.1.2 Functional and Basis Set 
The functional chosen for this work was WP04,
104
 which is a hybrid functional (weighted 
contributions of DFT and Hartree-Fock), specifically parameterised for calculating proton 
chemical shifts, and is invoked in Gaussian
105
 by utilising the keyword combination 
underlined in the input line below: 
 # nmr=giao blyp iop(3/76=1000001189, 3/77=0961409999, 3/78=0000109999) cc-pvdz scf=tight 
scrf(solvent=chloroform) 
The basis set used was cc-PVDZ, the combination of WP04 and cc-PVDZ is highlighted by 
Jain et al. as an optimal combination of functional and basis set for calculating proton 
chemical shielding, in terms of minimising error and computation cost (CPU time).
90
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8.1.1.3 Solvent Effects 
The effect of the solvent (CDCl3) on the chemical shifts is accounted for in the calculations 
by modelling the molecule in a cavity, composed of overlapping spheres centred around each 
atom, within a self-consistent reaction field (SCRF). Jain et al. recommend the Integrated 
Equation Formalism (IEF) of the Polarisable Continuum Model (PCM), and so this method  
was also used in this thesis.
90
 
 
8.1.1.4 Rovibrational Effects 
Optimisations result in (and other calculations are always done on) static arrangements of 
atoms, whose relative positions are dictated by the optimised bond lengths and angles. 
However, the atoms in a real molecule are vibrating (and where possible rotating) about these 
positions, and the observed chemical shift is an average of all vibrational and rotational 
states. Fortunately any errors arising from this should cancel out, as the vibrations and 
rotations are oscillatory. 
 
8.1.1.5 Conformational Effects 
An experimental proton chemical shift is an average of the Boltzmann-weighted 
contributions from that proton in all of the conformational states of the molecule which are 
stable at the temperature of the experiment, yet are in flux on the NMR timescale. A 
calculated chemical shift, however, is obtained from the calculation on a static molecule. In 
order to minimise errors arising from this situation it is necessary to find all of the conformers 
which can contribute to the experimental chemical shift.  
This was achieved by inspection and trial and error. There are only three major sources of 
conformational mobility in the structures investigated; different conformational arrangements 
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of the piperidinyl ring (e.g. the two chair conformers), additional conformers arising from 
twisting of the aromatic core, and rotamers, originating from rotation of the alkyl substituents 
at the imide positions. 
The different conformers arising from the piperidinyl moiety and core-twisting were sought 
out by rotation of the piperidinyl moiety, then performing an „opt‟ calculation to find the 
minimum energy conformation. 
As mentioned previously; the PDIs investigated here have rotational freedom at the imide 
substituents, and because there are two methyl groups, there are four possible rotamers that 
may be adopted, as shown by the rotamers of 26a‡-P6 and 26a‡-P5 in Figure 8.1: 
 
 
Figure 8.1: Diagram showing the different rotamers investigated in this thesis. 
 
P a g e  | 179 
 
Appendix 
 
 
The rotamers of these PDIs are defined by a weak H-bonding interaction (ca. 2.3 Å), which 
holds one proton in the plane of the imide. This results in a difference between the electron 
withdrawing effects of the two carbonyls that compose the imide, thus affecting the chemical 
shift of the aromatic protons.  
In the case of 25f†; it was found that the effect of rotating a methyl group on the chemical 
shifts of the aromatic protons is only significant for the naphthalene sub-unit to which the 
imide is bound, most likely due to the twisting of the PDI core and increased distance. These 
findings are illustrated by Figure 8.2: 
 
 
Figure 8.2: Summary of the effect of imide methyl group rotation on the calculated chemical shifts of the core protons of 
25f†. The effect of rotation diminishes greatly with distance from the methyl group being rotated. 
 
It is therefore possible to consider the two naphthalene sub-units independently, in terms of 
rotational effects of the imide substituent, thus reducing the number of rotamers that needed 
to be calculated for each conformer to two, without significantly affecting the accuracy of the 
calculations. 
For the potential structures investigated then, the effect of rotation about the N-Me bond was 
approximated by calculating just two rotamers for each conformer; e.g. those of 26a‡-P6 
shown at the top of Figure 8.1, i.e. the two rotamers in which the H-bonds are trans to each 
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other were ignored. However, in some of the conformers of 26a†-P8 and 26a‡-P5, 
competition between another H-bonding interaction (ca. 2. 4 Å), from a methylene proton on 
the piperidinyl moiety, means that only rotamers such as those of 26a‡-P5 (one cis and one 
trans) in Figure 8.1, were stable enough to be optimised. 
 
8.1.1.6 Conformer Structures 
The structures of each conformer calculated, of each potential structure, are shown below. 
Only one rotamer is shown. For each potential structure at least two conformers were found, 
these correspond to the two distinct chair conformations that piperidinyl compounds can 
adopt; N-axial and N-equatorial. These are, however, distorted axial and equatorial 
conformations, due to the electron withdrawing effect of the electron deficient ring PDI core 
on the nitrogen lone pair, giving the N-PDI bond sp
2
 hybrid character. In most cases the 
favoured (lowest energy) conformation was the „axial‟ chair conformer (denoted „N1‟), 
however, for the amidine structures, 26a†-A and 26a‡-A, the „equatorial‟ conformation was 
found to be the more stable conformer. Those potential structures in which the piperidinyl 
moiety is in one of the peri positions on the PDI core (structures 26a†-P8 and 26a‡-P5, 
labelled N1/2T) were found to have two additional conformers; corresponding to a twist of 
the PDI core. Structures 26a†-P7  and 26a‡-P6 cannot adopt such „twist‟ conformers due to 
steric hindrance by the piperidinyl moiety. 
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Conformers of 26a†-P7 : 
 
 
Figure 8.3: Optimised geometries of the two conformers that potential product 26a†-P7  can adopt, and their relative 
populations, based on their calculated self consistent field energies. Structures optimised by DFT using the B3LYP 
functional and 6-31* basis set. 
 
Conformers of 26a†-P8: 
 
Figure 8.4: Optimised geometries of the four conformers that potential product 26a†-P8 can adopt, and their relative 
populations, based on their calculated self consistent field energies. Structures optimised by DFT using the B3LYP 
functional and 6-31* basis set. 
 
N2, 10 %N1, 90 %
N1, 58 %
N2T, 4 %
N2, 34 %
N1T, 4 %
P a g e  | 182 
 
Appendix 
 
Conformers of 26a†-A: 
 
Figure 8.5: Optimised geometries of the two conformers that potential product 26a†-A can adopt, and their relative 
populations, based on their calculated self consistent field energies. Structures optimised by DFT using the B3LYP 
functional and 6-31* basis set. 
 
 
Conformers of 26a‡-P6: 
 
Figure 8.6: Optimised geometries of the two conformers that potential product 26a‡-P6 can adopt, and their relative 
populations, based on their calculated self consistent field energies. Structures optimised by DFT using the B3LYP 
functional and 6-31* basis set. 
 
  
N2, 14 %N1, 86 %
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Conformers of 26a‡-P5: 
 
Figure 8.7: Optimised geometries of the two conformers that potential product 26a‡-P5 can adopt, and their relative 
populations, based on their calculated self consistent field energies. Structures optimised by DFT using the B3LYP 
functional and 6-31* basis set. 
 
Conformers of 26a‡-A: 
 
 
Figure 8.8: Optimised geometries of the two conformers that potential product 26a‡-A can adopt, and their relative 
populations, based on their calculated self consistent field energies. Structures optimised by DFT using the B3LYP 
functional and 6-31* basis set. 
 
N2, 29 %
N2T, 4 %
N1T, 5 %
N1, 62 %
N2, 68 %N1, 32%
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8.1.1.7 Linear Regression 
Linear regression by least-squares is a common approach to the elimination of systematic 
errors in calculating 
1
H NMR chemical shifts.
89
 In this thesis, a scaling factor was obtained 
by linear regression of the experimental chemical shift of 25a† and calculated magnetic 
shielding tensors for the equivalent protons of 25f†, as shown in Figure 8.9: 
 
Figure 8.9: Linear regression by least-squares of calculated magnetic shielding tensors of 25f† and equivalent experimental 
chemical shifts of25a†. 
 
The calculated magnetic shielding tensors for the potential structures investigated in Chapter 
4 were scaled using the scaling factor from this linear regression to give the scaled calculated 
chemical shifts discussed. 
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8.1.2 Computational Details 
Gaussian
105
 input route section for optimisation: 
# opt=tight b3lyp/6-31g* scf=tight int=ultrafine scrf(solvent=chloroform) 
 
Gaussian
105
 input route section for frequency calculations: 
# freq=noraman b3lyp/6-31g* scf=tight int=ultrafine scrf=(solvent=chloroform)  
 
Gaussian
105
 input route section for GIAO calculations: 
# nmr=giao blyp iop(3/76=1000001189, 3/77=0961409999, 3/78=0000109999) cc-pvdz 
scf=tight scrf(solvent=chloroform))  
 
The output (.txt) files for the geometry optimisations, frequency, and GIAO calculations are 
included in the attached CD-ROM, located at the back of this thesis.  
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8.1.3 Results of GIAO Calculations 
 
Table 8.1: Calculated Chemical Shifts for the Conformers and Rotamers (and their 
Relative Boltzmann Distributions) of the Potential Products from Reaction of 25a† with 
Piperidine 
Structure 
Piperidinyl 
Ring/PDI Core 
Conformation a 
Rotamer b Ni / N 
c 
Scaled Calculated Chemical Shifts d / ppm - 
Matched to Experimental Chemical Shift: 
8.57   
(d) 
8.64   
(s) 
8.88   
(s) 
8.95   
(s) 
9.43   
(d) 
26a†-P7  
N1 Cis-H 45% 8.65 8.56 8.80 8.95 9.49 
N1 Cis-P 45% 8.60 8.62 8.86 8.89 9.48 
N2 Cis-H 5% 8.65 8.47 8.79 8.95 9.46 
N2 Cis-P 5% 8.60 8.53 8.85 8.89 9.45 
Average e - 100% 8.62 8.58 8.83 8.92 9.48 
                  
26a†-P8 
N1 Cis-H 32% 8.78 9.07 8.96 9.03 9.36 
N1 Cis-P 28% 8.73 9.09 9.02 8.98 9.35 
N1T Cis-H 2% 8.80 9.44 9.00 9.00 9.35 
N1T Trans 2% 8.79 9.44 9.05 8.95 9.34 
N2 Cis-H 20% 8.84 8.91 8.97 9.03 9.38 
N2 Cis-P 14% 8.78 8.92 9.03 8.97 9.36 
N2T Cis-H 2% 8.88 9.51 8.99 9.02 9.40 
N2T Trans 2% 8.82 9.53 9.05 8.96 9.38 
Average e - 100% 8.78 9.06 8.99 9.01 9.36 
                  
26a†-A 
N1 Cis-H 16% 9.16 9.73 9.33 9.46 10.82 
N1 Cis-P 15% 9.11 9.79 9.38 9.40 10.81 
N2 Cis-H 35% 9.14 9.62 9.23 9.42 10.77 
N2 Cis-P 33% 9.08 9.67 9.29 9.36 10.76 
Average e - 100% 9.13 9.72 9.32 9.42 10.80 
a Conformer labels shown in Figure 8.3, Figure 8.4 and Figure 8.5. b Rotamer type, as described in Figure 8.1. c Boltzmann 
distribution of each rotamer, based on relative SCF energies from the structure optimisation by DFT (B3LYP 6-31G*, 
CHCl3 SCRF). d Scaled chemical shifts from scaling factor (slope = −0.947, intercept = 31.546) determined by linear 
regression by least-squares as described above. e Boltzmann weighted average of scaled chemical shifts. 
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Table 8.2: Calculated Chemical Shifts and Relative Boltzmann Distributions for the 
Conformers and Rotamers of the Potential Products from the Reaction of 25a‡ with 
Piperidine 
Structure 
Piperidine 
Ring/PDI Core 
Conformation 
Rotamer Ni / N 
Scaled Calculated Chemical Shifts / ppm - 
Matched to Experimental Chemical Shift: 
8.69     
(s, br) 
8.70    
(s) 
8.81 
(s) 
8.84 
(d) 
9.34 
(d) 
26a‡-P6 
N1 Cis-H 43% 8.63 8.78 8.78 8.86 9.30 
N1 Cis-P 43% 8.69 8.72 8.83 8.80 9.29 
N2 Cis-H 7% 8.54 8.79 8.77 8.88 9.34 
N2 Cis-P 7% 8.60 8.73 8.83 8.82 9.32 
Average - 100% 8.65 8.75 8.80 8.83 9.30 
                  
26a‡-P5 
N1 Cis-H 34% 8.93 8.91 8.94 8.93 9.59 
N1 Cis-P 28% 8.95 8.86 8.99 8.87 9.57 
N1T Cis-H 3% 9.29 8.93 8.96 8.91 9.50 
N1T Trans 3% 9.29 8.93 9.02 8.86 9.49 
N2 Cis-H 17% 8.83 8.95 8.95 8.93 9.58 
N2 Cis-P 12% 8.84 8.89 9.00 8.88 9.56 
N2T Cis-H 2% 9.43 8.99 8.95 8.91 9.52 
N2T Trans 2% 9.44 8.99 9.01 8.86 9.51 
Average - 100% 8.95 8.91 8.97 8.90 9.57 
                  
26a‡-A 
N1 Cis-H 35% 9.66 9.38 9.42 9.31 10.72 
N1 Cis-P 33% 9.72 9.32 9.47 9.26 10.71 
N2 Cis-H 16% 9.54 9.33 9.33 9.26 10.65 
N2 Cis-P 15% 9.60 9.27 9.39 9.21 10.63 
Average - 100% 9.65 9.34 9.42 9.27 10.69 
a Conformer labels shown in Figure 8.6, Figure 8.7 and Figure 8.8. b Rotamer type, as described in Figure 8.1. c Boltzmann 
distribution of each rotamer, based on relative SCF energies from the structure optimisation by DFT (B3LYP 6-31G*, 
CHCl3 SCRF). d Scaled chemical shifts from scaling factor (slope = −0.947, intercept = 31.546) determined by linear 
regression by least-squares as described above. e Boltzmann weighted average of scaled chemical shifts. 
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Table 8.3: Comparison of Scaled Calculated Chemical Shift to Experimental Chemical 
Shift for the Potential Products from the Reaction of 25a† with Piperidine 
Potential 
Structure 
Locanta Multiplicity 
Average of 
Scaled 
Calculated  δb / 
ppm 
Experimental 
δc / ppm 
Differenced 
/ ppm 
R2 e 
26a†-P7  
11 d 8.62 8.57 0.05 
0.979 
8 s,br 8.58 8.64 -0.06 
5 s 8.83 8.88 -0.05 
2 s 8.92 8.95 -0.03 
12 d 9.48 9.43 0.05 
              
26a†-P8 
11 d 8.78 8.57 0.21 
0.788 
7 s,br 9.06 8.64 0.42 
5 s 8.99 8.88 0.11 
2 s 9.01 8.95 0.06 
12 d 9.36 9.43 -0.07 
              
26a†-A 
11 d 9.13 8.57 0.56 
0.712 
5 s,br 9.72 8.64 1.08 
8 s 9.32 8.88 0.44 
2 s 9.42 8.95 0.47 
12 d 10.80 9.43 1.37 
a Substituent position of proton, based on standard numbering system of PDI core. b Boltzmann weighted average of scaled 
chemical shifts for a particular proton on all conformers and rotamers, based on relative SCF energies from the structure 
optimisation by DFT (B3LYP 6-31G*, CHCl3 SCRF). c 400 MHz, CDCl3 = 7.26 ppm. d Subtraction of experimental 
chemical shift from average calculated chemical. e Coefficient of determination, from linear regression by least-squares of 
the experimental an calculated chemical shift data. 
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Table 8.4: Comparison of Scaled Calculated Chemical Shift to Experimental Chemical 
Shift for the Potential Products from the Reaction of 25a‡ with Piperidine 
Potential 
Structure 
Locanta Multiplicity 
Average 
Scaled 
Calculated  δb 
/ ppm 
Experimental 
δc / ppm 
Differenced 
/ ppm 
R2 e 
26a‡-P6 
5 s, br 8.65 8.69 -0.04 
0.984 
2 s 8.75 8.70 0.05 
8 s 8.80 8.81 -0.01 
11 d 8.83 8.84 -0.01 
12 d 9.30 9.34 -0.04 
              
26a‡-P5 
6 s, br 8.95 8.69 0.26 
0.930 
2 s 8.91 8.70 0.21 
8 s 8.97 8.81 0.16 
11 d 8.90 8.84 0.06 
12 d 9.57 9.34 0.23 
              
26a‡-A 
8 s, br 9.65 8.69 0.96 
0.813 
2 s 9.34 8.70 0.64 
5 s 9.42 8.81 0.61 
11 d 9.27 8.84 0.43 
12 d 10.69 9.34 1.35 
a Substituent position of proton, based on standard numbering system of PDI core. b Boltzmann weighted average of scaled 
chemical shifts for a particular proton on all conformers and rotamers, based on relative SCF energies from the structure 
optimisation by DFT (B3LYP 6-31G*, CHCl3 SCRF). c 400 MHz, CDCl3 = 7.26 ppm. d Subtraction of experimental 
chemical shift from average calculated chemical. e Coefficient of determination, from linear regression by least-squares of 
the experimental an calculated chemical shift data. 
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8.2 Evaluation of Possible Structural Isomers Part 2: UV-Vis vs. TD-
DFT 
Calculations and experimental data were collected by the author; the method of 
deconvolution used here is as described by Evans et al.
91
 
8.2.1 Deconvolution of the Experimental Absorption Spectrum 
The absorption spectra of PDIs usually show strong coupling of the electronic states 
transitions and certain vibrational state transitions. In order to accurately compare the 
experimental data to the TD-DFT data, the absorption spectrum must first be deconvoluted. 
Each transition, from the vibrational ground state of the electronic ground state to one of the 
vibrational states (including the ground state) of the first singlet excited state, can be 
expressed as a Gaussian distribution according to the equation: 
           
   
 (A1) 
Where: 
 1 0 Molar absorption coefficient for the transition from the electronic ground state 
to the first singlet excited state. (L cm
−1
 mol
−1
) 
n Index of vibrational states to which the electronic transition is coupled, e.g. 
n = 0 is the vibrational ground state, n = 1 the first vibrational excited state, 
etc. 
 1 0 Gaussian function that approximates the vibronic state transition e.g. from the 
vibrational ground state of the electronic ground state, to a vibrational state 
(n = 0,1,2... etc.) of first singlet excited state. (L cm
−1
 mol
−1
) 
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The results of the deconvolution of the experimental spectrum, using two, three and four 
Gaussian functions (vibronic transitions), are compared in Figure 8.10: 
 
Figure 8.10: Deconvoluted absorption spectra (individual vibronic transitions as solid grey lines, sum of vibronic states as 
long-dashed black line) vs. the experimental absorption spectrum (solid pink lines), when the number of vibronic states 
composing the spectrum is modelled as: (a) two, (b) three, and (c) four Gaussian functions. Comparison of the three plots 
show that three Gaussians (vibronic states) is optimal, two being insufficient to recreate the spectrum accurately, and 
addition of a fourth state being redundant. Only frequencies at which only the first electronic excited state contributed to the 
overall experimental spectrum were considered. 
 
8.2.2 Computational Details 
Electronic excitation transitions from the vibrational ground state of the electronic ground 
state to the vibrational ground states of other singlet electronic excited states were calculated 
by time-dependant density functional theory (TD-DFT) using the B3LYP hybrid functional 
and 6-31G* basis set in both the gas phase and solution phase. Solution phase calculations 
were performed using the Integrated Equation Formalism (IEF) of the Polarisable Continuum 
Model (PCM). Calculated electronic transitions with oscillator strengths of c.a. <0.01 are 
discounted, though this was not necessary for the first or second excited state of any of the 
structures calculated. 
 
Gaussian
105
 input route section for optimisation: 
# opt=tight b3lyp/6-31g* scf=tight int=ultrafine 
scrf(solvent=dichloromethane) 
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Gaussian
105
 input route section for frequency calculations: 
# freq=noraman b3lyp/6-31g* scf=tight int=ultrafine 
scrf=(solvent=dichloromethane) 
 
Gaussian
105
 input route section for gas-phase TD-DFT calculations: 
# td=(nstates=5,root=1) b3lyp/6-31g(d) scf=tight 
 
Gaussian
105
 input route section for solution-phase TD-DFT calculations: 
# td=(nstates=5,root=1) b3lyp/6-31g(d) scrf=(solvent=dichloromethane) 
scf=tight 
 
The output (.txt) files for the geometry optimisations, frequency, and TD-DFT calculations 
are included in the attached CD-ROM, located at the back of this thesis.  
 
Table 8.5: Calculated Gas Phase Absorption Properties for Each Potential Product 
a
 
Structure Conformer (Ni / N) 
b 
  TD-DFT (gas phase) 
  ν 0-0 / cm
−1 % Difference c f d 
26a‡-P5 
Equatorial (32) 
 
15782 14.78% 0.08 
Axial (68) 
 
16086 16.99% 0.09 
26a‡-P6 
Equatorial (12) 
 
15091 9.75% 0.24 
Axial (88) 
 
15413 12.09% 0.27 
26a‡-A 
Axial (32) 
 
17103 24.39% 0.17 
Equatorial (68) 
 
17824 29.63% 0.18 
a Transitions from the electronic ground state to the first singlet excited state calculated by TD-DFT, using the B3LYP level 
of theory and 6-31G* basis set. b The % values in parenthesis are relative Boltzmann distributions of the two chair 
conformers that arise from the two chair conformations of the piperidinyl, „twist‟ conformers and rotamers were not 
investigated here. c Energy difference between  calculated and experimental  ν 0-0, as a % of the experimental ν 0-0 transition 
energy. d Calculated transition intensity given by oscillator strength. 
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8.3 X-ray Crystal Data  
8.3.1 Crystal Data for Regioisomerically Pure 25a‡  
Crystal structure: 
 
Figure 8.11: X-ray crystal structure of regioisomerically pure 25a‡. Crystals were grown by slow diffusion of n-hexane 
vapour, into a sub-saturated solution of the PDI in toluene, at ca. 298 K, over several days. 
 
Crystal data and structure refinement for 25a‡: 
Formula C42 H40 N4 O4 
Formula weight 664.78 g mol
−1
 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group Triclinic, P-1 
Unit cell dimensions a = 4.8705(7) Å α = 81.471(15)° 
 b = 9.0410(17) Å β = 86.360(13)° 
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 c = 19.239(3) Å γ = 82.068(14)° 
Volume, Z 829.0(2) Å3, 1 
Density (calculated) 1.332 Mg/m3 
Absorption coefficient 0.689 mm-1 
F(000) 352 
Crystal colour / morphology Orange-red platy needles 
Crystal size 0.24 x 0.04 x 0.01 mm3 
θ range for data collection 2.32 to 72.77° 
Index ranges -4<=h<=5, -11<=k<=10, -23<=l<=19 
Reflections collected / unique 4795 / 3078 [R(int) = 0.0436] 
Reflections observed [F>4ζ(F)] 1764 
Absorption correction Analytical 
Maximum and minimum transmission 0.993 and 0.927 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3078 / 0 / 226 
Goodness-of-fit on F2 0.998 
Final R indices [F>4 ζ (F)] R1 = 0.0830, wR2 = 0.2304 
R indices (all data) R1 = 0.1233, wR2 = 0.2554 
Largest diffraction peak, hole 0.497, -0.289 eÅ-3 
Mean and maximum shift/error 0.000 and 0.000 
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Bond lengths and angles for 25a‡: 
 
Bond Bond Length / Å Bond Angle / ° 
N(1)-C(12) 1.387 4 
N(1)-C(2) 1.387 4 
N(1)-C(14) 1.492 4 
C(2)-O(2) 1.211 4 
C(2)-C(3) 1.501 4 
C(3)-C(4) 1.363 5 
C(3)-C(13) 1.408 4 
C(4)-C(5) 1.418 4 
C(5)-C(6) 1.406 4 
C(5)-C(22) 1.444 5 
C(6)-C(7) 1.429 4 
C(6)-C(8)#1 1.485 4 
C(7)-C(8) 1.424 4 
C(7)-C(13) 1.438 4 
C(8)-C(9) 1.385 5 
C(8)-C(6)#1 1.485 4 
C(9)-C(10) 1.406 4 
C(10)-C(11) 1.365 5 
C(11)-C(13) 1.408 4 
C(11)-C(12) 1.496 4 
C(12)-O(12) 1.208 4 
C(14)-C(15) 1.516 5 
C(15)-C(16) 1.523 4 
C(16)-C(17) 1.519 5 
C(17)-C(18) 1.519 5 
C(18)-C(19) 1.513 5 
C(19)-C(20) 1.511 5 
C(20)-C(21) 1.526 7 
C(22)-N(22) 1.14 5 
C(12)-N(1)-C(2) 124.9 2 
C(12)-N(1)-C(14) 117.4 3 
C(2)-N(1)-C(14) 117.5 3 
O(2)-C(2)-N(1) 122.6 3 
O(2)-C(2)-C(3) 120.9 3 
N(1)-C(2)-C(3) 116.6 3 
C(4)-C(3)-C(13) 120.3 3 
C(4)-C(3)-C(2) 118.2 3 
C(13)-C(3)-C(2) 121.5 3 
C(3)-C(4)-C(5) 120 3 
C(6)-C(5)-C(4) 122.1 3 
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C(6)-C(5)-C(22) 125.6 3 
C(4)-C(5)-C(22) 112.3 3 
C(5)-C(6)-C(7) 118.1 3 
C(5)-C(6)-C(8)#1 123.9 3 
C(7)-C(6)-C(8)#1 118 3 
C(8)-C(7)-C(6) 122.6 3 
C(8)-C(7)-C(13) 118.6 3 
C(6)-C(7)-C(13) 118.7 3 
C(9)-C(8)-C(7) 118.5 3 
C(9)-C(8)-C(6)#1 122.1 3 
C(7)-C(8)-C(6)#1 119.3 3 
C(8)-C(9)-C(10) 122.4 3 
C(11)-C(10)-C(9) 120.1 3 
C(10)-C(11)-C(13) 119.9 3 
C(10)-C(11)-C(12) 119 3 
C(13)-C(11)-C(12) 121.1 3 
O(12)-C(12)-N(1) 121.6 3 
O(12)-C(12)-C(11) 121.3 3 
N(1)-C(12)-C(11) 117.1 3 
C(3)-C(13)-C(11) 118.8 3 
C(3)-C(13)-C(7) 120.8 3 
C(11)-C(13)-C(7) 120.4 3 
N(1)-C(14)-C(15) 110.5 3 
C(14)-C(15)-C(16) 113.9 3 
C(17)-C(16)-C(15) 111.6 3 
C(16)-C(17)-C(18) 114.7 3 
C(19)-C(18)-C(17) 113.4 3 
C(20)-C(19)-C(18) 114.6 3 
C(19)-C(20)-C(21) 112.2 4 
N(22)-C(22)-C(5) 173.1 3 
 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+2,-y,-z+1 
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8.3.2 Crystal Data for Regioisomeric Mixture (ca. 29:71) of 25a† and 25a‡  
Crystal structure: 
 
Figure 8.12: X-ray crystal structure of the regioisomeric mixture 25a. Crystals were grown by slow diffusion of n-hexane 
vapour, into a sub-saturated solution of the PDI in toluene, at ca. 298 K, over several days. 
 
Crystal data and structure refinement for the regioisomeric mixture (ca. 29:71) of 25a† and 
25a‡: 
Formula C42 H40 N4 O4 
Formula weight 664.78 g mol
−1
 
Temperature 173 K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 Å 
Crystal system, space group Triclinic, P-1 
P a g e  | 198 
 
Appendix 
 
Unit cell dimensions a = 4.9460(10) Å α = 101.375(16)° 
 b = 8.8137(19) Å β = 92.878(15)° 
 c = 20.050(3) Å γ = 99.772(17)° 
Volume, Z 841.3(3) Å3, 1 
Density (calculated) 1.312 Mg/m3 
Absorption coefficient 0.679 mm-1 
F(000) 352 
Crystal colour / morphology Orange-red platy needles 
Crystal size 0.21 x 0.05 x 0.02 mm3 
θ range for data collection 2.26 to 72.42° 
Index ranges -5<=h<=5, -8<=k<=10, -24<=l<=21 
Reflections collected / unique 4995 / 3083 [R(int) = 0.0945] 
Reflections observed [F>4ζ(F)] 1365 
Absorption correction Analytical 
Maximum and minimum transmission 0.990 and 0.943 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3083 / 12 / 235 
Goodness-of-fit on F2 1.198 
Final R indices [F>4ζ(F)] R1 = 0.1096, wR2 = 0.2696 
R indices (all data) R1 = 0.1762, wR2 = 0.3113 
Largest diffraction peak, hole 0.402, -0.324 eÅ-3 
Mean and maximum shift/error 0.000 and 0.000 
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Bond lengths [Å] and angles [°] for the regioisomeric mixture (ca. 29:71) of 25a† and 25a‡: 
Bond Bond Length / Å Bond Angle / ° 
N(1)-C(2) 1.388 6 
N(1)-C(12) 1.393 7 
N(1)-C(14) 1.474 7 
C(2)-O(2) 1.224 6 
C(2)-C(3) 1.469 7 
C(3)-C(4) 1.382 6 
C(3)-C(13) 1.4 6 
C(4)-C(5) 1.391 8 
C(5)-C(6) 1.39 6 
C(5)-C(22) 1.487 8 
C(6)-C(7) 1.443 5 
C(6)-C(8)#1 1.47 7 
C(7)-C(8) 1.415 6 
C(7)-C(13) 1.422 7 
C(8)-C(9) 1.408 6 
C(8)-C(6)#1 1.47 7 
C(9)-C(10) 1.375 8 
C(9)-C(22') 1.541 18 
C(10)-C(11) 1.361 8 
C(11)-C(13) 1.416 6 
C(11)-C(12) 1.465 8 
C(12)-O(12) 1.22 6 
C(14)-C(15) 1.511 8 
C(15)-C(16) 1.542 10 
C(16)-C(17) 1.519 9 
C(17)-C(18) 1.483 10 
C(18)-C(19) 1.516 10 
C(19)-C(20) 1.476 11 
C(20)-C(21) 1.502 11 
C(22)-N(22) 1.147 9 
C(22')-N(22') 1.13 2 
C(2)-N(1)-C(12) 123 4 
C(2)-N(1)-C(14) 119.6 4 
C(12)-N(1)-C(14) 117.4 4 
O(2)-C(2)-N(1) 120.6 5 
O(2)-C(2)-C(3) 121.5 4 
N(1)-C(2)-C(3) 117.9 4 
C(4)-C(3)-C(13) 118.7 4 
C(4)-C(3)-C(2) 119.6 4 
C(13)-C(3)-C(2) 121.6 4 
C(3)-C(4)-C(5) 121 4 
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C(6)-C(5)-C(4) 122.5 4 
C(6)-C(5)-C(22) 122.7 5 
C(4)-C(5)-C(22) 114.5 4 
C(5)-C(6)-C(7) 117.5 4 
C(5)-C(6)-C(8)#1 124.2 4 
C(7)-C(6)-C(8)#1 118.3 4 
C(8)-C(7)-C(13) 119.3 3 
C(8)-C(7)-C(6) 121.8 4 
C(13)-C(7)-C(6) 118.8 4 
C(9)-C(8)-C(7) 117.4 4 
C(9)-C(8)-C(6)#1 122.7 4 
C(7)-C(8)-C(6)#1 119.9 4 
C(10)-C(9)-C(8) 122.6 5 
C(10)-C(9)-C(22') 116.5 7 
C(8)-C(9)-C(22') 119.4 7 
C(11)-C(10)-C(9) 120.9 4 
C(10)-C(11)-C(13) 119.3 4 
C(10)-C(11)-C(12) 119.4 4 
C(13)-C(11)-C(12) 121.3 4 
O(12)-C(12)-N(1) 120.4 5 
O(12)-C(12)-C(11) 121.6 5 
N(1)-C(12)-C(11) 118 4 
C(3)-C(13)-C(11) 118.2 4 
C(3)-C(13)-C(7) 121.4 3 
C(11)-C(13)-C(7) 120.4 4 
N(1)-C(14)-C(15) 113 4 
C(14)-C(15)-C(16) 109.4 5 
C(17)-C(16)-C(15) 114.4 6 
C(18)-C(17)-C(16) 114.3 5 
C(17)-C(18)-C(19) 114.1 5 
C(20)-C(19)-C(18) 116.1 6 
C(19)-C(20)-C(21) 114.8 7 
N(22)-C(22)-C(5) 173.7 7 
N(22')-C(22')-C(9) 171.6 16 
 
 
Symmetry transformations used to generate equivalent atoms: 
#1 -x-1,-y,-z 
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8.4 List of Structure Labels 
 
1   Perylene-3,4:9,10-tetracarboxylic acid dianhydride 
2   1,6,7,12-Tetrachloroperylene-3,4:9,10-tetracarboxylic acid dianhydride 
3   1,6/7-Dibromoperylene-3,4:9,10-tetracarboxylic acid dianhydride 
3†
 
1,6-Dibromoperylene-3,4:9,10-tetracarboxylic acid dianhydride 
3‡
 
  1,7-Dibromoperylene-3,4:9,10-tetracarboxylic acid dianhydride 
4   1,6,7-Tribromoperylene-3,4:9,10-tetracarboxylic acid dianhydride 
5 bisbenzimidazo[2,1-a:2',1'-a']anthra[2,1,9-def:6,5,10-
d'e'f']diisoquinoline-10,21-dione 
6   Copper Phthalocyanine 
7   H2-Phthalocyanine 
8   Hexabenzocoronene 
9   Poly(3-hexylthiophene) 
10   Poly[N-(2'-decyltetradecyl)carbazole]-2,7-diyl 
11 Poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-
2',1',3'-benzothiadiazole)] 
12   [6,6]-phenyl-C71-butyric acid methyl ester 
13f N,N'-Bis(methyl)perylene-3,4:9,10-tetracarboxylic acid diimide 
13g   N,N'-Bis(ethylpropyl)perylene-3,4:9,10-tetracarboxylic acid diimide 
13h   N,N'-Bis(nondecyl)perylene-3,4:9,10-tetracarboxylic acid diimide 
14a N,N'-Bis(n-octyl)-1,6/7-dibromoperylene-3,4:9,10-tetracarboxylic acid 
diimide  
14a† N,N'-Bis(n-octyl)-1,6-dibromoperylene-3,4:9,10-tetracarboxylic acid 
diimide 
14a‡ N,N'-Bis(n-octyl)-1,7-dibromoperylene-3,4:9,10-tetracarboxylic acid 
diimide  
14b N,Nʹ-Bis(2,2,3,3,4,4,4-heptafluorobutyl)-1,6/7-dibromoperylene-
3,4:9,10-tetracarboxylic acid diimide 
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14b† N,Nʹ-Bis(2,2,3,3,4,4,4-heptafluorobutyl)-1,6-dibromoperylene-
3,4:9,10-tetracarboxylic acid diimide 
14b‡ N,Nʹ-Bis(2,2,3,3,4,4,4-heptafluorobutyl)-1,7-dibromoperylene-
3,4:9,10-tetracarboxylic acid diimide 
14c N,N′-Bis(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorobutyl)-1,6/7-
dibromoperylene-3,4:9,10-tetracarboxylic acid diimide  
14d N,Nʹ-Bis(n-octadecylyl)-1,6/7-dibromoperylene-3,4:9,10-
tetracarboxylic acid diimide 
14e N,N'-Bis(cyclohexyl)-1,6/7-dibromoperylene-3,4:9,10-tetracarboxylic 
acid diimide 
14e‡ N,N'-Bis(cyclohexyl)-1,7-dibromoperylene-3,4:9,10-tetracarboxylic 
acid diimide 
14i N,Nʹ-Bis(dimethylpentyl)-1,6/7-dibromoperylene-3,4:9,10-
tetracarboxylic acid diimide 
14i‡ N,Nʹ-Bis(dimethylpentyl)-1,7-dibromoperylene-3,4:9,10-
tetracarboxylic acid diimide 
14gf N,N'-Bis(ethylpropyl)-1,6/7-dibromoperylene-3,4:9,10-tetracarboxylic 
acid diimide 
14g‡ N,N'-Bis(ethylpropyl)-1,7-dibromoperylene-3,4:9,10-tetracarboxylic 
acid diimide 
15a N,N'-Bis(n-octyl)-1,6,7-tribromoperylene-3,4:9,10-tetracarboxylic acid 
diimide  
15b N,Nʹ-Bis(2,2,3,3,4,4,4-heptafluorobutyl)-1,6,7-tribromoperylene-
3,4:9,10-tetracarboxylic acid diimide 
15c N,N′-Bis(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorobutyl)-1,6,7-
tribromoperylene-3,4:9,10-tetracarboxylic acid diimide 
16a N,N'-Bis(n-octyl)-1-bromo-6/7-pyrrolidinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
16b N,Nʹ-Bis(2,2,3,3,4,4,4-heptafluorobutyl)-1-bromo-6/7-
pyrrolidinylperylene-3,4:9,10-tetracarboxylic acid diimide 
16c N,N′-Bis(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorobutyl)-1-bromo-
6/7-pyrrolidinylperylene-3,4:9,10-tetracarboxylic acid diimide 
16e N,N'-Bis(cyclohexyl)-1-bromo-6/7-pyrrolidinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
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17a N,N'-Bis(n-octyl)-1-bromo-6/7-piperidinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
17b N,Nʹ-Bis(2,2,3,3,4,4,4-heptafluorobutyl)-1-bromo-6/7-
piperidinylperylene-3,4:9,10-tetracarboxylic acid diimide 
18a N,N'-Bis(n-octyl)-1-bromo-6/7-morpholinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
18b N,Nʹ-Bis(2,2,3,3,4,4,4-heptafluorobutyl)-1-bromo-6/7-
morpholinylperylene-3,4:9,10-tetracarboxylic acid diimide 
19e‡ N,N'-Bis(cyclohexyl)-1,7-dipyrrolidinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
19e N,N'-Bis(cyclohexyl)-1,6/7-dipyrrolidinylperylene-3,4:9,10-
tetracarboxylic acid diimide) 
20a N,N'-Bis(n-octyl)-1,6/7-dipiperidinylperylene-3,4:9,10-tetracarboxylic 
acid diimide 
21a N,N'-Bis(n-octyl)-1,6/7-dimorpholinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
21a† N,N'-Bis(n-octyl)-1,6-dimorpholinylperylene-3,4:9,10-tetracarboxylic 
acid diimide 
21a‡ N,N'-Bis(n-octyl)-1,7-dimorpholinylperylene-3,4:9,10-tetracarboxylic 
acid diimide 
22a N,Nʹ-Bis(n-octyl)-1-cyano-6/7-pyrrolidinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
22b N,Nʹ-Bis(2,2,3,3,4,4,4-heptafluorobutyl)-1-cyano-6/7-
pyrrolidinylperylene-3,4:9,10-tetracarboxylic acid diimide 
22c N,N′-Bis(2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorobutyl)-1-cyano-
6/7-pyrrolidinylperylene-3,4:9,10-tetracarboxylic acid diimide 
23a N,Nʹ-Bis(n-octyl)-1-cyano-6/7-piperidinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
23b N,Nʹ-Bis(2,2,3,3,4,4,4-heptafluorobutyl)-1-cyano-6/7-
piperidinylperylene-3,4:9,10-tetracarboxylic acid diimide 
24a N,Nʹ-Bis(n-octyl)-1-cyano-6/7-morpholinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
24a† N,Nʹ-Bis(n-octyl)-1-cyano-6-morpholinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
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24a‡ N,Nʹ-Bis(n-octyl)-1-cyano-7-morpholinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
24b N,Nʹ-Bis(2,2,3,3,4,4,4-heptafluorobutyl)-1-cyano-6/7-
morpholinylperylene-3,4:9,10-tetracarboxylic acid diimide 
25a N,Nʹ-Bis(n-octyl)-1,6/7-dicyanoperylene-3,4:9,10-tetracarboxylic acid 
diimide 
25a† N,Nʹ-Bis(n-octyl)-1,6-dicyanoperylene-3,4:9,10-tetracarboxylic acid 
diimide 
25a‡ N,Nʹ-Bis(n-octyl)-1,7-dicyanoperylene-3,4:9,10-tetracarboxylic acid 
diimide 
25b N,Nʹ-Bis(2,2,3,3,4,4,4-heptafluorobutyl)-1,6/7-dicyanoperylene-
3,4:9,10-tetracarboxylic acid diimide 
25d N,Nʹ-Bis(n-octadecylyl)-1,6/7-dicyanoperylene-3,4:9,10-
tetracarboxylic acid diimide 
25e N,N'-Bis(cyclohexyl)-1,7-dicyanoperylene-3,4:9,10-tetracarboxylic 
acid diimide  
25f N,N'-Bis(methyl)-1,6/7-dicyanoperylene-3,4:9,10-tetracarboxylic acid 
diimide 
25f† N,N'-Bis(methyl)-1,6-dicyanoperylene-3,4:9,10-tetracarboxylic acid 
diimide 
25f‡ N,N'-Bis(methyl)-1,7-dicyanoperylene-3,4:9,10-tetracarboxylic acid 
diimide 
26a N,Nʹ-Bis(n-octyl)-1,6/7-dicyano-7/6-piperidinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
26a† N,Nʹ-Bis(n-octyl)-1,6-dicyano-7-piperidinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
26a‡ N,Nʹ-Bis(n-octyl)-1,7-dicyano-6-piperidinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
26a†-P7  N,Nʹ-Bis(n-octyl)-1,6-dicyano-7-piperidinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
26a†-P8 N,Nʹ-Bis(n-octyl)-1,6-dicyano-8-piperidinylperylene-3,4:9,10-
tetracarboxylic acid diimide 
26a†-A N,Nʹ-Bis(n-octyl)-1-cyano-6C,7N-(piperidinylamidinyl)perylene-
3,4:9,10-tetracarboxylic acid diimide 
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26a‡-P5   PDI N,N‟-C8 diCN mono-Pip@5 (17-regioisomer) 
26a‡-P6   PDI N,N‟-C8 diCN mono-Pip@6 (17-regioisomer) 
26a‡-A N,Nʹ-Bis(n-octyl)-1-cyano-6N,7C-(piperidinylamidinyl)perylene-
3,4:9,10-tetracarboxylic acid diimide 
 
